
Nanomaterials for Energy Applications: Cases of Precious Metal 

and Metal Chalcogenides 

by 

Deqiang Yin 

August, 2018 

A dissertation submitted to the 

Faculty of the Graduate School of 

the University at Buffalo, State University ofNew York 

in partial fulfillment of the requirements for the degree of 

Doctor of Philosophy 

Department of Chemical and Biological Engineering 



©Copyright by 

Deqiang Yin 

2018 

II 



ACKNOWLEDGEMENTS 

First of all, I would like to express my sincerest appreciation to my Ph.D. dissertation advisor, 

Professor Mark T. Swihart for giving me the opportunity to perform my Ph.D. study in the group. 

He has been a great mentor, giving the me all the support to explore my ideas and recognizing my 

effort even though sometimes it did not work out as planned. He has influenced me not only on 

conducting research, but also placing the attitude toward life. It has been my great honor to have 

been studying and working in the group for five years. 

In addition, I would like to give special thanks to my committee members, Professor Carl R.F. 

Lund and Professor Gang Wu, who devoted their precious time to serve on my committee, and 

gave me their influential insight, feedback, and advice. I would also like to thank Professor Haiqing 

Lin for his advice and guidance in the membrane project. 

I would like to thank Xiang Gao and Yang Liu for their help for my research. I would also like to 

thank all my fellow colleagues and friends from the Swihart research group for their valuable 

discussion and feedback. I had great and fun times in your company during these years. I would 

also like to thank Dr. Chaochao Dun and Dr. Lingxiang Zhu for contributions to our collaborative 

work. 

Finally, I would like to express my deepest appreciation and love to my parents and wife. Their 

support and love are the main power source for me to continue and complete my graduate studies, 

transitioning from working back to campus. A special thanks to my wife, Qing Deng, for 

Ill 



encouraging me to take the opportunity to come to the US , and sharing our happiest hours, and 

gaining weight together. 

IV 



ABSTRACT 

Nanomaterials have been intensively explored over the past two decades for their broad potential 

applications in fields including energy conversion, energy storage, emissive materials, sensors, 

biomedical devices, and medical therapies. These materials exhibit unique chemical and physical 

properties, distinct from the properties of the same materials in bulk form, due to their small size 

(less than 100 nm). Researchers have invested great effort not only on the investigation of 

preparation, surface functionalization, and size and shape control of the nanoscale materials, but 

also on both long-term and near-term applications in academia and industry. This dissertation 

focuses on synthesizing precious metal, semiconductor, and alloy nanomaterials, studying their 

physical and chemical properties, and investigating their promising roles in energy related 

applications, such as gas separation, solar cells, and thermoelectrics. 

Chapter 1 focuses on synthesizing and functionalizing Pd nanoparticles (NPs) for use in 

polymer-based membranes for C02/H2 separation. Pd NPs of different shapes and sizes were 

produced by colloidal chemistry. In each case, Pd salts were chemically reduced to yield zerovalent 

Pd, and the growth of the NPs was restrained and controlled by capping ligands. Spherical Pd NPs 

with an average size of 4.5 nm were found to be compatible with polybenzimidazole (PBI) / 

dimethylacetamide (DMAc) solutions. The mixed Pd and PBI solutions were cast onto silicon 

wafers and dried to form Pd/PBI Mixed Matrix Membranes (MMMs). The Pd NPs were uniformly 

distributed in the MMMs, with Pd channels forming with increasing Pd loading in the membrane. 

As a result, the H2 permeability and the H2/C02 selectivity of the MMMs were significantly 

improved at high Pd loading. The stability of the membrane to H2S and H20 was also confirmed 

by testing the membranes with mixed gases. 
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Chapter 2 and 3 focus on tin(II, IV) chalcogenide nanocrystals (NCs) and the 

thermoelectric properties of thin films formed from them. Starting from a tin(IV) precursor, we 

were able to use different combinations of solvents and anion precursors to control the valence of 

Sn to produce tin chalcogenide and tin dichalcogenide NCs, while also varying the sizes and shapes 

of the NCs. These NCs were characterized by X-ray Photoelectron Spectroscopy (XPS), Scanning 

Electron Microscopy (SEM), Transmission Electron Microscopy (TEM), Powder X-ray 

Diffraction (XRD), Energy Dispersive X-ray Spectroscopy (EDS), Atomic Force Microscopy 

(AFM), and Raman Spectroscopy. We also deposited these tin chalcogenide NC dispersions onto 

glass substrates and investigated the thermoelectric properties of the resulting nanostructured 

films. We found that annealing at relatively high temperature produced a transition from p-type to 

n-type behavior for SnS and SnSe films. Thin films of Sn Te nanorods showed an exceptionally 

high dimensionless thermoelectric figure of merit (ZT) of0.183 at 500K. 

Chapter 4 focuses on the phase and shape evolution of mixed (Cu, Sn) telluride NCs. 

Methods similar to those employed for the tin chalcogenide NCs described in chapters 2 and 3 

were used to prepare and characterize these telluride NCs. With increasing Sn:Cu precursor ratio, 

the NCs evolved from pure CuTe, to Sn-doped CuTe, a CuTe/Cu2SnTe3 mixture, pure Cu2SnTe3, 

a SnTe/Cu2SnTe3 mixture, and finally pure Sn Te. The shape and phase of Cu Te also changed with 

increasing growth temperature. When the NCs grew at 140 °C, the aspect ratio of the nanorods 

decreased with increasing Sn content. The Seebeck coefficients and electrical conductivity of thin 

films of these metal tellurides were measured at room temperature, providing the first report of 

thermoelectric properties of nanostructured Cu2SnTe3 films. 

In chapter 5, copper-based quinary chalcogenide semiconductor NPs were prepared and 

characterized, in a similar manner to the tin chalcogenide NCs described in chapters 2 and 3, and 
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applied in multi-layered thin film photovoltaic structures. Copper zmc tin sulfide/selenide 

(CZTSSe) NPs were produced through anion exchange from CZTS NPs. Controlled reactivity of 

the Zn and the Se precursors enabled tuning of the composition of the CZTSSe NPs. Dispersions 

of these NPs, as well as colloidal CdS and ZnO NPs dispersions, were sequentially spin coated 

onto indium tin oxide (ITO) substrates to create a multi-layer structure. The multiple layer structure 

was confirmed by Focused Ion Beam Scanning Electron Microscopy (FIB-SEM). However, 

further work is still needed to improve the photovoltaic properties of these devices. 

A summary and suggestions for future work are presented in chapter 6. 
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1. CHAPTER ONE: SORPTION ENHANCED HYDROGEN PURIFICATION USING 

MIXED MA TRIX MEMBRANES 

1.1 Introduction 

H2 production from fossil fuels often requires removal of CO2 from the product stream for capture 

or utilization. In this regard, membranes that are permeable to H2 and reject CO2 are emerging as 

a low-cost and energy-efficient technology [l , 
2J. State-of-the-art materials being explored for 

H2/CO2 separation include inorganic materials such as silica [3l, zeolite [4l, metal-organic 

frameworks (MOFs) [5, 6l, graphene oxide [7, SJ, MoS2 [9l, and transition metal carbides and nitrides 

(MXenes) [lOJ_ They achieve sharp size-sieving ability by precisely controlling the channel or 

aperture size between the kinetic diameters of H2 (2.89 A) and CO2 (3.3 A). Unfortunately, the 

scale-up and module fabrication of defect-free inorganic membranes faces vast challenges [2l_ 

Polymeric membranes are much easier to implement, compared to inorganic membranes, and they 

are widely used for gas separations such as O2/N2, H2/N2 and CO2/CH4, but seldom for H2/CO2. 

The favorable H2/CO2 diffusivity selectivity in polymers is usually offset by unfavorable H2/CO2 

solubility selectivity, such that most conventional polymer membranes do not show high H2/CO2 

selectivity [lll_ Current strategies to creating improved H2-selective polymer based materials are 

focused on enhancing H2/CO2 diffusivity selectivity by developing polymers with efficient chain 

packing [ll-
13l, and mixed matrix membranes (MMMs) comprising ofrigid polymers and inorganic 

fillers with sharp size-sieving ability [l
4-16l. Due to the lack of specific interactions between H2 and 

polymers, there has been very little work focused on enhancing H2/CO2 solubility selectivity to 

improve H2/CO2 separation properties. 

On the other hand, palladium (Pd) metallic membranes have been used for H2 purification at small 

scale for decades, but often suffer from issues like grain boundary defects and hydrogen 
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embrittlement[l71 . On Pd surfaces, H2 readily dissociates into hydrogen atoms, which diffuse into 

the subsurface layers of the metal to form palladium hydride (PdHx). Pd thus exhibits extremely 

high reversible H2 sorption. For example, 1 cm3 Pd can uptake 500 - 1000 cm3 (STP) H2 at 50 °C 

and 1 atm, depending on its size and morphology[18l , while 1 cm3 of a polymer may sorb only 0.1 

cm3 H2 under the same conditions [l
9J. Here, we present a distinct H2 sorption-enhanced MMM 

created by incorporating Pd nanoparticles (NPs) in polybenzimidazole (PBI). PBI is chosen as the 

polymer phase because it is a leading polymer for H2/CO2 separation applications with a good 

combination ofH2 permeability (ca. 26 Barrers) and H2/CO2 selectivity (14 to 20) at 150 °C [ll , 131 . 

1.2 Experimental Section 

Materials. Celazole® PBI powder (1.1 IV grade) with a molecular weight of 60,000 Da was 

provided by PBI Performance Products. Anhydrous N,N-dimethylacetamide (DMAc, >99.5%), 

toluene (>99.9%), methanol (HPLC grade, 99.9%), polyethylene glycol 400 (PEG 400, Mw 400 

g/mol), borane-tert-butylamine complex (BTB, 95%), and palladium acetylacetonate (Pd (acac)2, 

35% Pd) were purchased from Thermo Fisher Scientific. Oleylamine (OAm, 70%) and iso-octane 

(>99%) were purchased from Sigma-Aldrich, USA. Methanol (99%) was supplied by VWR 

International. Gas cylinders of ultrahigh purity (99.999%) He, N2, and CO2, research grade 

(99.9999%) H2, and air were obtained from Airgas USA. 50 ppm H2S in N2 calibration gas was 

supplied by Gasco. All chemicals were used as received without further purification. 

Preparation of palladium nanoparticles. Palladium (Pd) nanoparticles (NPs) were synthesized 

by a modified hot-injection method 1201. The palladium precursor was prepared simply by dissolving 

300 mg Pd(acac)2 in 15 mL OAm in a three-neck flask. Simultaneously, 300 mg BTB, the reducing 

agent, was dissolved in 3 mL OAm by ultra-sonication. The BTB solution was injected into the 
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flask containing the Pd(acac)2 solution at 60 °C, and then the temperature was raised to 90 °C and 

held for one hour. Afterwards, 30 mL methanol was added into the NP product dispersion to 

destabilize it and precipitate the NPs. The NPs were then collected by centrifugation (Sorvall RC-

5B) at 10000 rpm for 2 minutes. The washing process was repeated once more at 15000 rpm for 2 

minutes to remove residual ligands. The prepared NPs could be redispersed in organic solvents 

such as chloroform and toluene. 

Preparation of PBI solution. PBI solution was prepared using the following procedure. First, 10 

g PBI powder was dissolved in 90 g refluxing DMAc in a flask. The flask was placed in an oil 

bath with the oil temperature set at 170 °C, and the PBI/DMAc mixture was refluxed within it for 

24 hours . After cooling down to room temperature, the mixture was filtered using a glass fiber 

membrane syringe filter (1 µm, Acrodisc® Pall Corporation) to remove any insoluble impurities. 

The resulting PBI solution is viscous and brownish. The actual PBI concentration was determined 

gravimetrically to be 7.0 wt.% by evaporation of the solvent. This solution can be either diluted or 

concentrated for further use . 

Preparation of mixed matrix materials (MMMs). PBI-Pd MMMs were prepared by solution

casting using the following procedure. First, 110 mg OAm-coated Pd NPs (containing ca.100 mg 

Pd) were dispersed in 3.3 mL toluene in a sonication bath (Branson Ultrasonics) for 1 hour at 25 

°C. Second, the desired amount of PBI solution was gradually added into the Pd NP dispersion 

with sonication, and the mixture was then sonicated for another 1 hour. Third, the resulting mixture 

was filtered using a 1.0 µm glass fiber syringe filter and sonicated for 15 minutes to degas. Forth, 

the pretreated suspension was cast on levelled silicon wafers, on which polished aluminum rings 

(dia. 5 cm x height 2.5 cm) were used to restrict the movement of the mixture. The wet films were 

dried in an oven at 60 °C under 100 mL/min dry N 2 purge for 16 hours, followed by heating at 160 
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°C under vacuum for 24 hours. Finally, the resulting free-standing films were peeled off from the 

silicon substrate. The films were about 10 µm thick, as measured by a Mitutoyo 293-340-30 digital 

micrometer. In this study, to achieve different PBI/Pd mass ratio (80/20, 50/50, and 30/70) in the 

PBI/Pd/DMAc/toulene mixtures, 16.7 mL of 30 mg/mL, 6.6 mL of 15 mg/mL, and 6.6 mL of 7.5 

mg/mL PBI solutions were respectively added at the second step. Both concentrations and 

quantities of the PBI solutions were varied to maintain the DMAc/toluene volume ratio in the 

mixture greater than or equal to 2, which is critical to the formation of defect-free MMMs. For 

reference purposes, free-standing PBI films were prepared following the identical procedure 

without adding Pd NPs. 

Preparation of PBI porous support membrane. PBI porous support membranes were fabricated 

on top of stainless steel wire cloth a via a phase inversion method. [21J First, 0.5 g PEG 400 was 

added to 10 g concentrated PBI/DMAc solution (15 wt.%), resulting in a viscous dope with the 

weight ratio of 15 PBI: 85 DMAc: 5 PEG 400. Second, this dope was kept in a capped glass bottle 

stirring at 60 °C for 16 hours. The solution was allowed to cool down and stand statically for 1 

day to degas. Third, 2 mL of the dope was cast onto the 10 x 15 cm stainless steel wire cloth (mesh 

size: 325 x 2300, McMaster-Carr) using a casting knife with gate clearance of 200 µm on a flat 

glass plate. Then, the PBI membrane was transferred into a DI water bath with the temperature set 

at 50 °C for 1 hour, followed by solvent exchange in DI water, methanol and iso-octane at 25 °C 

for 30 minutes, respectively. The PBI porous support membrane was finally obtained after drying 

at 25 °C in a fume hood for 24 hours. 

Preparation of PBI-Pd MMM thin film composite (TFC) membranes. The PBI-Pd MMM TFC 

membranes comprise a PBI porous support membrane layer, a gutter layer, and a MMM selective 

layer, and they were fabricated as follows. First, a PBI porous support membrane (3 x 3 cm) was 
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masked onto a glass slide by foil tape. Second, a 500-nm-thick gutter layer ofa proprietary polymer 

was applied on the top of the porous support membrane using a dip coating method. After drying, 

the gutter layer-coated PBI porous support membrane was levelled and heated to 60 °C in an oven. 

A droplet ( ca. 15 µL) of PBI/Pd/DMAc/toluene mixture was then placed onto the surface of the 

gutter layer, leading to formation of a circular MMM selective layer coating with diameter of ca. 

1.2 cm. The TFC sample was dried at 60 °C for 16 hours, followed by heating at 160 °C under 

vacuum for 24 hours to completely remove the residual solvent. The gutter layer is insoluble in 

DMAc or toluene so that it protects PBI porous support from being dissolved during droplet 

coating. The gutter layer coated PBI porous support membrane was characterized by mixed-gas 

H2 permeance of 1250 GPU, CO2 permeance of 180 GPU, and H2/CO2 selectivity of 7.0 at 175 

oc_ 

1.3 Characterization 

Thermal gravimetric analysis (TGA). TGA was conducted to determine Pd content in the 

MMMs, using a SDT Q600 thermogravimetric analyzer (TA Instruments, DE, USA) at 

temperatures from 25 to 1000 °C with a heating rate of20 °C min-1 under flowing air. 

X-ray diffraction (XRD). A Rigaku Ultima IV X-ray diffractometer was used to obtain XRD 

patterns over a 2-theta range of 5 - 90° with a scanning rate of 4.0 °/min. The diffractometer has a 

Cu Ka x-ray source with a wavelength of 1.54 A. For x-ray scanning on MMM and PBI films, a 

stack of six films was used, with an overall thickness of 60 µm. Pd NP samples for XRD analysis 

were prepared by drop-casting a concentrated dispersion onto a glass substrate. 

Density measurement. The density of films was determined at 25 °C using Archimedes' principle 

and an analytical balance (Model XS64, Mettler-Toledo, OH) equipped with a density kit. Two 
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fluorinated solvents, Novec 7300 and Novec 7500 engineering fluids obtained from 3M Company, 

were used as auxiliary liquids. 

Electrical conductivity measurement. The electrical conductivity of films was measured by an 

Alessi CPS four-point probe (Cascade Microtech Inc. , OR, US) at 25 °C. Probes were spaced 1 

mm apart, and 8 different spots were measured in each sample. The electrical conductivity ( a) in 

S/m was determined from Equation 1.1 : 

I 
(j=--- (1.1)

UxlxC 

where I is the preset current, which ranged from 2 - 10 mA, U (V) is measured voltage, l (10 µm) 

is the sample thickness, and C is a constant taken as 4.53 for the thin film sample geometry used 

here. 

Transmission electron microscopy (TEM) and selected area electron diffraction (SAED). We 

characterized the size and morphology of Pd NPs using a JEOL JEM-2010 transmission electron 

microscopy at a working voltage of200 kV. Samples were prepared by applying a few droplets of 

the dilute Pd NP dispersion onto a carbon-coated copper TEM grid and letting it dry. Selected area 

electron diffraction (SAED) patterns were also obtained using the JEOL JEM-2010 TEM. The 

cross-sectional TEM images of MMMs were imaged using an FEI Tecnai 12 at an accelerating 

voltage of 120 kV. Before TEM observation, MMM samples were embedded in Araldite 502 resin 

(Electron Microscopy Sciences), cured overnight, microtomed by an RMC MT-X ultramicrotome 

(Boeckeler Instruments), and collected onto copper TEM grids. 

Scanning electron microscopy (SEM). SEM was performed using a ZEISS Crossbeam focused 

ion beam scanning electron microscopy (FIB-SEM). To reduce charging during SEM imaging, 

samples were coated with a thin gold coating (ca. 2 nm) by electron-beam (E-beam) evaporation 

deposition (Kurt J. Lesker AXXIS). 
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Three-dimensional (3D) tomography. 3D reconstruction of the nanostrucuture of the MMM 

samples was completed in two steps: (1) cross-sectional micrograph acquisition and (2) image 

processing. Cross-sectional micrograph acquisition was performed using the ZEISS Crossbeam 

FIB-SEM. A MMM sample was first coated with a gold film (about 100 nm thick) using a Kurt J. 

Lesker AXXIS E-beam evaporator. Second, a cross-section of the sample was prepared by creating 

a curved trapezoid (basexbasexheight: 15 x30x8 µm) with depth of 8 µmusing FIB with a milling 

current of 1 nA at a working voltage of 30 kV (30kV: lnA). Third, a protective cap of Platinum 

(about 200 nm thick) was deposited on the area to be milled using a gas injection system. Fourth, 

the cross-section was polished using a small FIB milling current (30kV:240pA) until a fine and 

fresh cross-section was exposed. This sample was then left in the FIB-SEM sample chamber and 

stabilized for 10 hours. Afterwards, a sequenced sectioning integrated with SEM imaging was 

carried out using an automatic routine programed in the ZEISS SmartSEM software package. In 

this progress, a slice with nominal thickness of 5 nm was milled away by the fine FIB current 

(30kV:240 pA) at one time, while the SEM imaged the newly exposed cross-section after each 

milling. In total, 300 - 500 individual SEM micrographs of the consecutive cross-sections were 

recorded at magnifications of 21000-52000, documenting nanostructural information of a sample 

volume of 10.2x7_7x(l.5-2.5) µm. After micrograph acquisition on the sample cross-section, 3D 

reconstruction was performed on the collection of consecutive SEM micrographs. 

Gas sorption measurement. We measured H2 and CO2 sorption in Pd NPs, PBI and MMMs 

gravimetrically using an IGA 001 microbalance (Riden Isochema) at pressures up to 12 atm and 

150 °C. Each sample weighed around 150 mg was dried in vacuum at 200 °C for 24 hours to 

remove any guest molecules before loading onto microbalance. The buoyancy effect resulting from 

IGA00 1 system and the loaded sample on the weight readings was taken into account using 
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Archimedes ' principle. Prior to gas sorption measurements, the buoyancy correction coefficients 

for each sample were determined in a blank experiment with helium. Gas sorption at each pressure 

was considered to be at equilibrium once the microbalance reading remained unchanged for at 

least 1 hour. The gas sorption data were determined from the mass change of the sample with 

compensation for buoyancy. [22l 

Gas permeation measurement. Pure- and mixed- gas permeability at 150 to 225 °C was 

determined using a constant-pressure and variable-volume apparatus. [23J Prior to permeation 

testing, the films were masked using a copper disc (hole diameter: 1 - 2.5 cm) and glued with 

MasterBond 46HT-2 epoxy adhesive with service temperature up to 240 °C. A copper gasket was 

then used to mount the film sample in the permeation cell. SmartTrak® digital mass flow 

controllers (Sierra Instruments Inc.) were used to control the feed flow of H2, CO2, or H2/CO2 

mixture. The total feed flow was maintained at 200 cm3(STP) min-1
. A backpressure regulator was 

used to maintain the feed pressure at ca. 11 atm. N2 (5 - 10 cm3 (STP) min-1
) was employed as a 

sweep gas for the permeate stream at atmospheric pressure. The composition of the permeate and 

retentate were periodically analyzed using a 3000 Micro GC gas analyzer (Inficon Inc.). Gas 

composition results were recorded only after a steady state was reached. Pure or mixed-gas 

permeability (PA) of gas component A can be calculated using Equation 1.2: [23, 24l 

(1.2) 

where A is effective area for gas permeation,p 2,A andpJ,A are the partial pressures ofgas component 

A in the feed and permeate sides, respectively, Sis the flow rate of the sweep gas, and XA and Xsweep 

are the mole fractions of gas component A and sweep gas (N2 in this study) in the sweep-out 

stream, respectively. Gas permeability has a unit ofBarrers (1 Barrer= 10-10 cm3 (STP) cm cm-2 
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The same permeation apparatus was used to test the effect of H2S on the mixed-gas permeability 

using a 5 ppm H2S in an equimolar H2/CO2 mixture, produced by combining 90 cm3 (STP) min-1 

H2, 90 cm3 (STP) min-1 CO2, and 20 cm3 (STP) min-1 50 ppm H2S in N2. The composition of the 

permeate stream was analyzed periodically using the GC, and mixed-gas permeability was also 

calculated using Equation 1.2. 

Humidified-state mixed-gas permeability was also determined using the same setup after attaching 

a humidifier to the feed gas line. The humidifier provided 0.042 atm water vapor to the gas stream 

with a total feed pressure of 11 atm at 175 °C. Consequently, the water content in the feed gas was 

0.4 mol¾. The composition of the permeate stream was analyzed periodically using the GC, and 

the humidified-state mixed-gas permeability was also calculated using Equation 1.2. 

1.4 Results and Discussion 

Pd NPs were synthesized by reducing Pd(II)acetylacetonate in oleylamine (OAm) and borane 

tributylamine complex (BTB). OAm served as the solvent, surfactant, and reducing agent, and 

BTB acted as a co-reductant [20J_ The Pd NPs obtained from the synthesis are coated with 7.8 wt.% 

OAm ligands, as determined by thermal gravimetric analysis (TGA). Fig. 1. lA and its inset display 

transmission electron microscopy (TEM) images of the monodisperse Pd NPs with an average 

diameter of 4.6 ± 0.5 nm. The particles have a narrow size distribution with 95% in the size range 

of4.0 - 5.5 nm as shown in the histogram (Fig. 1. lB). The small sizes of the Pd NPs are consistent 

with the broad peaks of the XRD pattern. The ring patterns in a selected area electron diffraction 

(SAED) image (Fig. 1.1 C) are also consistent with the small nanocrystal size, which is further 

confirmed by x-ray diffraction (XRD). The four ring patterns in the SAED and the first four 
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diffraction peaks in the XRD patterns can be respectively indexed to the (1 1 1 ), (2 0 0), (2 2 0) 

and (3 1 1) crystalline planes of the face-centered cubic Pd lattice . 
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Figure 1.1. Nanostructure of Pd NPs and PBI-Pd MMMs. (A) Transmission electron microscopy 
(TEM) images, (B) particle size distribution, and (C) selected area electron (SAED) pattern of the 
monodisperse Pd NPs. Cross-sectional TEM images of(D) PBI-Pd-22/2.9, (E) PBI-Pd-46/8.1, and 
(F) PBI-Pd-58/12. Cross-sectional SEM images of (G) PBI-Pd-22/2.9, (H) PBI-Pd-46/8.1, and (I) 
PBI-Pd-58/12. The cross-sections for TEM and SEM imaging were prepared by microtoming and 
focused ion beam milling, respectively. In the sample names, PBI-Pd-x/y, x and y are the mass 
volume percentages of Pd, respectively, in the MMM. 

A solution casting method was used to fabricate the free-standing MMM films of PBI-Pd-x/y, 

where x (22 - 58) is Pd loading in mass percentage and y (2.9 - 12) is Pd content in volume 
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percentage. Pd concentration in each MMM was determined by TGA. The key to producing void

free and homogeneous films is the appropriate selection of solvents that are able to stabilize PBI 

and Pd NPs in a mixture. Systematic variation of solvent composition revealed that the 

dimethylacetamide (DMAc) and toluene co-solvent system with DMAc/toluene volume ratio of 

2.0 - 5.0 worked well for this purpose. For example, in a typical preparation of PBI-Pd-58/12, 3.3 

mL ofa toluene dispersion ofPdNPs (- 30 mg/mL) and 6.6 mLPBI/DMAc solution (- 7.5 mg/mL) 

were blended and sonicated to produce a homogenous suspension, followed by filtration, film

casting and drying. Fig. 1. lD, E and F show cross-sectional TEM images for the resulting PBI

Pd-22/2.9, PBI-Pd-46/8.1 , and PBI-Pd-58/12, respectively. Increasing Pd loading increases the 

density ofPd NPs in the MMM. At Pd loadings of2.9 and 8.1 vol.%, the NPs are evenly distributed 

in the continuous PBI phase with few sub-100 nm aggregates, and most of the free particles are 

distinguishable. At a higher Pd loading of 12 vol.%, most of the NPs are still free from aggregation 

and uniformly embedded in the PBI phase, and the aggregates are less than 200 nm. In Figure 1.1 F, 

the NPs appear to occupy almost all of the area even though the Pd accounts for only 12 vol.% of 

the composite. The reason is that TEM imaging projects all the particles in a ca. 100 nm-thick 

specimen to a single 2D image, rendering the free particles indistinguishable. As shown in Fig. 

1. lG, H and I, scanning electron microscopy (SEM) was used to visualize the cross-section of 

MMMs prepared by focused ion beam (FIB) milling. The results are consistent with the TEM 

imaging, where the NPs are homogenously dispersed in PBI matrix with a few aggregates that are 

less than 200 nm in diameter. Unlike TEM images for PBI-Pd-58/12, the single Pd NPs are 

identifiable in its SEM micrograph. The uniform dispersion of nanoparticles among PBI chains 

even disrupts their n-n stacking and short range order. 
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(A) Surface 

Cross-section 

Figure 1.2. FIB-SEM tomography analysis on a representative MMM. (A) Overview of a U
shaped trench carved by FIB milling on the surface of a PBI-Pd-58/12 MMM film. The frame 
highlights a cross-section that is ready for SEM imaging after FIB milling. (B) Surface-rendered 
view of the reconstructed 3D volume of PBI-Pd-58/12. The Pd phase is in rendered in blue while 
the PBI phase is transparent 

The 3D nanostructure ofMMMs was further studied with tomographic FIB-SEM imaging and 

reconstruction [25 l , as illustrated for PBI-Pd-58/12 in Fig. 1.2. AU-shaped trench was carved on 

the top surface of the film by FIB milling to expose cross-sections to the SEM detector (Fig. 1.2A). 

400 consecutive SEM micrographs of the cross-sections were recorded in a sequenced FIB 

sectioning integrated with SEM imaging. After alignment of the stack of micrographs, the 3D 

nanostructure of the imaged volumes was reconstructed as shown in the surface rendered view of 

Pd and PBI phases (Fig. 1.2B). This 3D tomography demonstrates the Pd NPs and sub-200 nm Pd 

aggregates are uniformly dispersed over the inspected 3D volume. No voids were observed in the 

3D nanostructure, indicating the good compatibility of PBI and the OAm ligand-coated Pd NPs. 

This good compatibility can be reconfirmed at a macro-level by density measurement. The 

measured density values for PBI-Pd-22/2.9, PBI-Pd-46/8.1 , and PBI-Pd-58/12 are 2 - 5 % higher 

than their theoretical values estimated from the volume contributions ofPBI, Pd, and OAm ligands. 

The higher experimental values demonstrate the different phases are strongly bound at the 

interfaces, leading to densified and void-free MMM films . 
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To validate intercalation of hydrogen in Pd, H2 sorption isotherms were measured for the 

obtained Pd NPs and MMMs using a gravimetric sorption analyzer at 150 °C. As shown in Fig. 

1.3A, Pd NPs gradually take up H2 at 0.1 - 1.3 bar, forming a-phase PdHx (x = 0.10 at 1.3 bar) with 

a lattice constant similar to Pd metal. During sorption at 1.3 - 1.5 bar, Pd-H system transforms 

from the dilute a-phase to a concentrated ft-phase PdHx (x = 0.40 at 1.5 bar). This phase transition 

is dependent on the pressure and temperature at which the isotherm is being measured, and our 

results are consistent with the literature data[lS, 26, 271. At pressures above 2 bar, the Pd lattice is 

saturated with hydrogen atoms, exhibiting an impressive H2 sorption of 700 ± 22 cm3 (STP) cm-3
, 

which is equivalent to H/Pd ratio of 0.55. In the H2 sorption isotherms for MMMs, the same phase 

transition behavior is observed at 1.5 bar, and the equilibrium H2 sorption linearly increases with 

increasing Pd volume content. At 10 bar, PBI-Pd-58/12 has a H2 solubility of 10.3 ± 0.3 cm3 (STP) 

cm-3 atm-1, which is hundreds of times higher than H2 solubility ( ca. 0.07 cm3(STP) cm-3 atm-1at 

70 °C) in typical glassy polymers such as Matrimid (fractional free volume, FFV = 0.17) and 

polysulfone (FFV= 0.15)l19l_ PBihas comparable FFV(0.16) and thus its H2 solubility at 150 °C 

is too low to be measured gravimetrically. In Fig. 1.3B, the experimental CO2 sorption data can be 

fit well by curves based on the dual mode sorption model [121 . CO2 is only soluble in the polymer 

phase. Thus its sorption decreases linearly with increasing Pd content. PBI-Pd-58/12 shows a 

solubility selectivity of 2 8 ± 1, which is much higher than typical values ( ca. 0.001) observed in 

glassy polymers [l9J_ 

13 

https://FFV(0.16


1000 

'?E 
0 

CL 100 
I-
(/)

ME 
0 

C 10
0 

li 
0 en

N 
I 

'?E 
0 

CL 
I-
(/)

ME 
0 

C 
0 

li 
0 
en 
ON 
0 

5 

4 

3 

2 

1 

~ 
'" !:9-
>, 

~ .o 
'" ~ 
[ 
en 
g:, 
-6 
~ 
~ 

100 

80 

60 

40 

20 
4 

3 

2 

( C) ~ 
225 °c i 

.........-.--200 °C_______. 
2 .....-- ----- H-------17 5 °C 

--150 °c ---

"- " 225 °c 

o----------2-2 00 °C ~ C 0 

o----..,i.___ 175 oc ~ 1 • 
<>------o-150 °C-~ 

0.1 
Pressure (Bar) 

10 2 4 6 
Pressure (Bar) 

8 10 0 3 6 9 12 
Pd loading (vol. %) 

15 

>, 

3 
fi., 
<i 
en 
ON 
1,2 
IN 
en 
'"Cl 

-6., 
X 

~ 

42 

36 

30 

24 

18 

?;-
·s: 
~ ., 
<i 
en

N 
0 
1,2

N 
I 

50 

40 

30 

20 

10 

(E) 
150 °c 

~ 

' : 

175 °c 

200 °c , 
,• 

~ " 
I ----

225 °C 

?;-
·s: 
ti 
~ ., 
en 

N 

0 
1,2 

N 

I 

300 

100 

10 

10
• 

2008 
upper 
bound 

♦ (F)
9 

12•
M3 6 

M2 ~ 14 
♦ 

M11 ~ i1 -!,_ 
..... 11 7 

3 5 • • 
PBI 

13 

12 
0 3 6 9 12 

Pd loading (vol.%) 

15 
0 

0 20 40 60 
H permeability

2 

80 100 10 100 1000 
H permeability (Barrer) 

2 

Figure 1.3. H2 and CO2 sorption and permeation properties in PBI-Pd MMMs. (A) H2 sorption 

isotherms ofPd NPs and MMMs at 150 °C. (B) CO2 sorption isotherms of PBI and MMMs at 150 

°C, and the curves are the best fits to the dual mode sorption model[12
J_ (C) Mixed-gas H2 

permeability and (D) mixed-gas H2/CO2 selectivity as function ofPd loading in vol. % at operating 

temperatures of 150 - 225 °C. The curves are to guide eyes. (E) Comparison of experimental and 

modeling gas separation properties for MMMs. The solid curve is predicted using Maxwell model. 

(F) H2/CO2 separation performance of MMMs (Ml = PBI-Pd-22/2.9, M2 = PBI-Pd-46/8.1 , and 

M3 = PBI-Pd-58/12) at 150 - 225 °C versus Robeson's 2008 upper bound[28l and state-of-the-art 

4 16 29membrane materials for H2/CO2 separation. Green triangles (#1 to #5) represent MMMs [l - , , 

30l_ Black diamonds (#6 to #14) represent inorganic materials such as graphene oxide [7l , MoS2 [9l, 

MXene [lOJ MOFs [5, 6, 31l silica [3,32l and zeolite [4l
' ' ' . 

Mixed-gas H2 and CO2 permeability of PBI and MMMs were measured at 150 - 225 °C using a 

50% H2/50% CO2 mixture at 10 bar. As shown in Fig. 1.3, C and D, increasing Pd loading increases 

H2 permeability, decreases CO2 permeability, and increases H2/CO2 selectivity. As operating 

temperature increases from 150 to 225 °C, gas permeability increase significantly for all the 
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samples with an average activation energy of 22 ± 2 and 25 ± 4 kJ mo1-1 for H2 and CO2, 

respectively. The H2/CO2 selectivity for PBI and low Pd loading (2.9 and 8.1 vol.%) MMMs 

remains almost constant at various temperatures, while high Pd loading sample (PBI-Pd-58/12) 

has slightly lower selectivity at higher temperature. The decrease in selectivity can be ascribed to 

the presence of considerable amount of flexible OAm ligands (4.9 wt.% or 15 vol.%), which may 

ultimately reduce the size-sieving ability of MMMs at increasing temperature. Nevertheless, PBI

Pd-58/12 still exhibits better selectivity than any other sample at any temperature range. For 

example, adding 12 vol% Pd in PBI increases H2 permeability from 63 to 94 Barrers, and H2/CO2 

selectivity from 15 to 30 at 225 °C. Our MMMs exhibit enhanced H2 permeability and H2/CO2 

selectivity simultaneously, owing to the improved H2 sorption and H2/CO2 solubility selectivity. 

Moreover, we found a significant improvement in H2 permeability and H2/CO2 selectivity upon 

increasing Pd content from 8.1 to 12 vol.%, which is analogous to the results of electrical 

conductivity measurement on the MMM samples. For example, PBI-Pd-58/12 has an electrical 

conductivity of 36 ± 4 S m-1
, which is more than three orders of magnitude higher than the value 

for PBI-Pd-46/8 .1. This indicates some Pd NPs chains are starting to span the structure in the PBI

Pd-58/12 MMM, which allows transport of electrons. Those Pd chains are also useful for fast 

transport of H2 during gas separation. 

Fig. 1 .4F benchmarks H2/CO2 separation properties of MMMs in a Robeson's plot, in which the 

2008 upper bound defines the highest H2/CO2 selectivity achievable for any H2 permeability in 

polymers measured before 2008 [2sJ. All of our MMMs are beyond the upper bound, indicating 

their superior H2/CO2 separation performance. Moreover, increasing Pd content moves the 

performance toward the top right comer of the Robeson's plot, increasing both permeability and 

selectivity simultaneously. Fig. 1 .4F also compares H2/CO2 separation performance of the PBI-Pd 
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MMMs with other MMMs containing MOFs [l4-16 , 29l and Pd [30J. With similar H2 permeability, our 

materials have significantly better H2/CO2 selectivity than the other MMMs, which usually show 

selectivity no more than 15. The separation performance of those PBI-Pd MMMs is also 

comparable to that of state-of-the art inorganic materials with sharp size sieving ability, such as 

graphene oxide [7l, MoS2 [9l, MXene [l OJ, MOFs [5, 6,31l, silica [3,32l, and zeolite [4l_ Compared with 

those brittle inorganic materials, PBI-Pd MMMs face less challenges in membrane manufacturing 

and scale-up considering current membrane manufacturing is primarily based on polymers and 

some MMM-type membranes have been commercialized. 
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Figure 1.4. Stability test of MMMs in simulated industrial H2/CO2 mixture containing H2S and 
H2O. (A) Long term stability test of a 10 µm thick PBI-Pd-58/12 film in various conditions at 
175 °C for 120 hours Conditions #1 and #3 (dry) represent feed gas comprised of 50%H2/50%CO2. 
In condition #2, 5 ppm H2S was introduced, and in condition #4 0.4 mol¾ water vapor was 
introduced. (B) Mixed-gas separation performance ofa thin film composite (TFC) membrane with 
a PBI-Pd-58/12 sub-micrometer selective layer (S-layer) in the dry mixed-gas (#1 and #3) and 5 
ppm H2S contaminated mixed gas (#2) at 175 °C. The insert is a cross-sectional SEM image of the 
TFC membrane with a PBI-Pd-58/12 S-layer, a highly permeable gutter layer (G-layer) and a 
nanoporoussupport. 

The industrial H2/CO2 mixture, or coal-derived shifted syngas, is typically comprised of 56% 

H2, 41 % CO2, and small amounts of other components, such as H2O and H2S [33l. To demonstrate 
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the MMMs' potentials for industrial application, we investigated the effect ofH2S and H2O on gas 

separation performance of a 10 µm-thick PBI-Pd-58/12 film at 10 bar and 175 °C for 120 hours 

(Fig. 1.5A). Prior to entering membrane units, the shifted syngas coming out of desulfurization 

units usually contains a trace amount of H2S, so 5 ppm H2S was introduced in the feed gas in this 

simulated contaminant test. Adding H2S contaminant in the feed gas decreased H2 permeability 

from 48 Barrers ( dry state) to 43 Barrers ( with H2S) and selectivity from 3 7 ( dry state) to 31 ( with 

H2S), because the H2S forming surface sulfides partially block H2 dissociation sites in Pd NPs [34l_ 

Unlike Pd and Pd alloy metallic membranes that lost over 60% H2 permeability in ppm-level H2S 

[
34 

, 
35l , this MMM exhibits better performance with only 14% permeability loss in H2S, presumably 

due to its small size and thus large specific area for H2 dissociation. Its separation performance 

remained unaffected at t = 32 - 48 hours with H2S, and constant at t = 48 - 96 hours after 

withdrawing H2S feed. XRD analysis also confirmed the crystalline structure of Pd NPs was not 

affected by the mixed-gas permeation test or by high concentration H2S (50 ppm) exposure at 175 

°C (in a separate experiment). At t = 96 hours, 0.4 mol¾ water vapor was introduced in the mixed

gas feed. The presence of water slightly decreased H2 permeability by 2% while improving H2/CO2 

selectivity by 3%. This phenomenon is caused by water absorption in PBI, where water occupies 

some free volume elements in the polymer phase, decreases the accessible free volume for gas 

diffusion, and eventually increases size-sieving ability [lll_ The effect of H2S on mixed-gas 

separation performance of PBI-Pd-58/12 based thin film composite (TFC) membrane was also 

evaluated. To prepare a MMM-based TFC membrane operating at 175 °C, we developed a 

thermally stable PBI nanoporous support with pore size of 14 nm and surface porosity around 

15%. Prior to coating the MMM on the support, a propriety gutter layer (G-layer), made from a 

cross-linked polymer that is resistant to DMAc or toluene, was applied to prevent pore penetration 
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and protect the PBI nanoporous support from being dissolved by the coating solution. The G-layer 

coated support is highly permeable and low in selectivity, characterized by mixed-gas H2 

permeance of 1250 GPU, CO2 permeance of 180 GPU, and H2/CO2 selectivity of 7.0 at 175 °C. 

As shown in the inset of Fig. 1.5B, a PBI-Pd-58/12 thin film (800 ± 40 nm) with uniform Pd 

dispersion was fabricated on top of the gutter layer ( 400 ± 20 nm), and the resulting TFC membrane 

exhibits H2 permeance of 39 GPU and selectivity of 43 in clean dry mixed-gas at 175 °C. 

Comparing permeation data ofTFC membrane and the G-layer coated support, the latter provides 

little resistance to gas transport. The intrinsic H2 permeability (50 Barrers) and selectivity ( 44) 

determined for the thin film MMM are both higher than its bulk film H2 permeability ( 48 Barrers) 

and selectivity (37), because it is much easier to build up continuous Pd NPs chains ( or H2 fast 

transport shortcuts) across an 800 nm-thick film than in a 10 µm-thick bulk film. Adding 5 ppm 

H2S in the feed gas slightly decreases H2 permeance by 8 % and selectivity by 3%, which is 

consistent with its bulk film property. Overall, good separation performance of the bulk film and 

the TFC membrane in simulated shifted syngas supports PBI-Pd MMMs' potential uses for 

industrial H2 purification and CO2 capture. Although Pd is a precious metal, from an economic 

perspective, the cost of Pd, around $30 per gram currently [36l , is not a barrier to implementation, 

considering that a 1 m2TFC membrane based on PBI-Pd-58/12 only uses 1. 1 g Pd. 

1.5 Conclusion 

In this work, we reported uniform defect-free PBI-Pd MMMs with various Pd loadings. These 

MMMs showed high H2 permeability and H2/CO2 selectivity, and stability to exposure to H2S and 

H2O. With high Pd loading, Pd channels formed in the MMMs, which led to significantly 

enhancemed permeability and selectivity. 
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2. CHAPTER TWO: CONTROLLABLE COLLOIDAL SYNTHESIS OF ANISOTROPIC 

TIN CHALCOGENIDE NANOCRYSTALS FOR THIN FILM THERMOELECTRICS 

2.1 Abstract 

Tin chalcogenides have shown promise in applications including energy storage, optoelectronics, 

photovoltaics, and thermoelectrics. Here, we present a colloidal synthesis strategy to produce tin 

dichalcogenide nanocrystals (NCs) with controllable stoichiometry, vacancies, shape, and crystal 

structure. Compared with previously reported methods, we use less expensive precursors, such as 

tin(IV) chloride and sulfur or selenium powder, to produce tin (IV) chalcogenide NCs. SnS2 and 

SnSe2 NCs with novel NC morphologies including SnS2 nanoflowers/nanoflakes, SnSe2 

nanosheets with circular and hexagonal shapes, as well as mixtures ofnanospheres and nano flakes 

were prepared by varying the solvents and anion precursors. We were also able to reduce tin (IV) 

to tin (II) to produce tin (II) chalcogenide NCs. The corresponding thin films were prepared by 

spin-coating, followed by post-treatment to study their thermoelectric properties. Room 

temperature Seebeck coefficients of -150 µV/K and-126 µVIK were measured for SnS2 and SnSe2 

films , demonstrating their promise as thin film thermoelectric materials. 

2.2 Introduction 

Narrow band gap IV-VI semiconductor nanoparticles (NPs) are of great interest for their potential 

applications in energy storage, optoelectronics, photovoltaics, and thermoelectrics. [l-SJ Lead 

chalcogenides, with narrow band gaps that can be tuned across near-infrared and visible 

wavelengths through quantum confinement, are the most studied IV-VI materials to date. PbS, 

PbSe and PbTe have been used in numerous demonstrations of NP-based thermoelectric and 
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optoelectronic devices. [6-111 However, their lead content raises environmental, health, and safety 

concerns that may limit their large scale applications. 

In recent years, tin chalcogenides have drawn increasing attention, as tin is far less toxic than lead, 

while also being relatively earth-abundant and inexpensive. [12 , 13l In the last decade, most studies 

have focused on tin sulfides (SnS and SnS2) and their applications. Various morphologies of SnS 

and SnS2, such as SnS quantum dots,[1 41 spherical NPs,[1 51 nanoflowers,l16· 171 and nanoplates,[181 

9 251and SnS2 nanoflowers, [l , 201 nanosheets, [21- nanotubes[26· 271 and nanoplates, [281 have been 

reported. Tin sulfides have potential for use in lithium ion storage[l 7·21-23, 281 and photocatalytic[20 , 

23· 25· 291 applications. SnSe dot-like NPs,[241 nanowires,[30J nanosheets,[241 and SnSe2 hexagonal 

nanosheets, [31 , 321have also been reported. 

Tin chalcogenides can be produced by both vapor deposition[32-34l and colloidal methods. [l 7, 18· 20 , 

24·301 To the best ofour knowledge, there are only a few reports that present morphology-controlled 

colloidal synthesis of tin (IV) chalcogenides. In our previous work, we prepared SnS and SnSe 

NCs with morphologies including quantum dots, nanoplates, single-crystalline nanosheets, 

nanoflowers, and nanopolyhedra. [241 Here we report a facile colloidal route to synthesize tin (IV) 

chalcogenides with various morphologies, including SnS2 nanoflowers and nanoflakes, SnSe2 

circular discs, hexagonal nanosheets, and mixtures of nanospheres and nanoflakes. Rather than 

using Bis[bis(trimethylsilyl)amino] tin (II), tin (II) oxyhydroxide (Sn6O4(OH)4), Sn(S2CNEti)4, 

thioacetamide, selenium dioxide, selenosulfate, selenourea, or di-tert-butyl diselenide as reported 

15 21 28 30 in the literature, [13
- , · · · 351 we use tin (IV) chloride as the cation source, and sulfur powder 

and selenium powder as the anion sources. Compared to previously reported methods, our 

synthetic route provides a simpler, lower-cost route to study the formation mechanism of tin 

chalcogenides NCs, and control the valence, shape and phase of the NCs. Furthermore, the as-
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produced nanoinks can be processed by low-cost methods such as spin coating, drop casting, and 

spray coating. [36-38l 

We demonstrate that the morphology of tin chalcogenide NCs can be controlled by varying the 

anion precursors and ligands in the hot colloidal synthesis. Likewise, we can also produce tin (II) 

chalcogenides from a tin (IV) precursor. Nanocrystalline thin films were fabricated by spin coating 

the colloidal SnS2 and SnSe2 NCs onto a glass substrate to measure their thermoelectric properties 

and demonstrate their potential for application in thermoelectric devices. 

2.3 Experimental Section 

Chemicals. Tin(IV) chloride pentahydrate (SnCk5H2O, ACS reagent 98+%) was purchased from 

Acros Organics. Sulfur powder (S, trace metals 99.98%), selenium powder (Se, trace metals 

99.5%), thiourea (ACS reagent 2:99.0%), oleylamine (OAm, technical grade 70%), oleic acid (OA, 

technical grade 90%), octadecene (ODE, technical grade 90%), trioctylphosphine (TOP, technical 

grade 90%), trioctylphosphine oxide (TOPO, technical grade 90%) were purchased from Sigma

Aldrich. All chemicals were used as received without further purification. 

Preparation of OA-S precursors. These precursors were prepared in a manner similar to our 

4previous reports_[39
J,[ 0J Briefly, to prepare OA-S, 2 mmol of S powder was added into 2 mL of 

OA, heated to 150 °C and held for 5-10 minutes to form a clear light yellow OA-S solution. 

Preparation of OA-Se precursors. These precursors were prepared as described previously_ [24l 

Briefly, to prepare OA-Se, 2 mmol of Se powder was added into 20 mL OA, degassed at 110 °C 

for 30 minutes under nitrogen protection, then rapidly heated to 350 °C and held for 30 minutes to 

form a clear light yellow OA-Se solution. 
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Preparation of TOP/OAm-Se, and TOP/OA-Se precursors. As previously reported,[4ll to 

prepare these precursors we first dissolved 2 mmol of Se powder in 1 mL of TOP by sonication 

and stirring at room temperature under nitrogen until a clear solution formed. Then, to prepare 

TOP/OAm-Se, 1 mL OAm was added into the TOP-Se solution and the mixture was stirred for 10 

minutes. Similarly, to prepare TOP/OA-Se, 1 mL OA was added into the TOP-Se solution and the 

mixture was stirred for 10 minutes. 

Synthesis of SnS2 Nanoflowers. In a typical synthesis, 1 mmol of SnCl4 · 5H2O was mixed with 

10 mL OA, or 10 mL of a mixture ofOA and OAm, in which the amount of OAm was 0.5 , 1, or 

2 mL. The mixture was then degassed at 110 °C for 1 hour under nitrogen protection. The solution 

was heated to 195 °C, followed by injection of 2 mL of OA-S. After injection, the solution was 

kept at 195 °C for 10 minutes. Thiourea was also used as sulfur source to synthesize SnS2 

nano flowers. In this case, 1 mmol of SnCl4 · 5H2O and 2 mmol of thiourea were mixed with 10 mL 

of OA. The mixture was degassed at 110 °C for 1 hour under nitrogen, then heated to 195 °C and 

kept at this temperature for 10 minutes. 

Synthesis of SnS2 N anoflakes. In a typical synthesis, 1 mmol of SnCl4 · 5H2O was mixed with 10 

mL of ODE. The mixture was degassed at 110 °C for 1 hour under nitrogen, then heated to 195 

°C, followed by injection of 2 mL ofOA-S. After injection, the solution was kept at 195 °C for 10 

minutes. 

Synthesis of SnSe2 Hexagonal Nanosheets. In a typical synthesis, 1 mmol of SnCl4 · 5H2O was 

mixed with 10 mL ofOA and 2 g ofTOPO. The mixture was degassed at 110 °C for 1 hour under 

nitrogen, then heated to 190 °C, followed by injection of 2 mL of TOP/OAm-Se. After injection, 

the solution was heated to 300 °C, and kept at this temperature for 10 minutes. 
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Synthesis of SnSe2 Circular Nanosheets. In a typical synthesis, 1 mmol of SnCk5H2O was 

mixed with 10 mL ofOA and 4 g ofTOPO. The mixture was degassed at 110 °C for 1 hour under 

nitrogen, then heated to 185 °C, followed by injection of2 mL of TOP/OA-Se. After injection, the 

solution was heated to 210 °C, and kept at this temperature for 4 minutes . 

Synthesis of SnSe2 Porous Circular N anosheets. In a typical synthesis, 1 mmol of SnCl4 ·5H2O 

was mixed with 10 mL of OA. The mixture was degassed at 110 °C for 1 hour, then heated to 180 

°C, followed by injection of 20 mL of OA-Se. After injection, the solution was kept at 180 °C for 

10 minutes. 

Separation and Purification of Prepared NCs. In all cases, ethanol was added to the NC product 

dispersions to destabilize them. The loosely aggregated NCs were then collected by centrifugation 

at 8000 rpm for 2 minutes. The prepared NCs could be redispersed in solvents such as chloroform 

and toluene. The washing process was repeated twice to remove residual ligands and unreacted 

precursors. 

Fabrication of SnS2 and SnSe2 thin films. The glass substrate was washed with methanol, 

acetone and deionized water. The colloidal SnS2/SnSe2 NCs were spin coated onto the glass 

substrate at 1000 rpm for 30 seconds. To improve the conductivity of the thin films, they were 

heated at 300°C for one hour on a hot plate in an inert atmosphere. 

2.4 Characterization 

Transmission Electron Microscopy (TEM). We characterized the size and morphology ofNCs 

using a JEOL JEM-2010 microscopy at a working voltage of 200 kV. Samples were prepared by 

dropping a few microliters of a dilute NC dispersion onto a carbon-coated copper TEM grid. 
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Selected area electron diffraction (SAED) patterns were also obtained using the JEOL JEM-2010 

TEM. 

Scanning Electron Microscopy (SEM) and Energy Dispersive X-ray Spectroscopy (EDS). 

The size and morphology ofNCs were also characterized using a Carl Zeiss AURIGA CrossBeam 

Focused Ion Beam/Scanning Electron Microscopy system. Compositional analysis of NCs was 

obtained using an Oxford EDS system within this SEM. Samples were prepared by dropping a 

small amount of a concentrated NC dispersion onto conductive carbon tape. 

Powder X-ray Diffraction (XRD). The crystal phases present in product NCs were determined 

using powder XRD (Bruker Ultima IV with Cu Ka X-ray source). Samples were prepared by drop

casting a concentrated NC dispersion onto a glass substrate. 

UV-Vis-NIR Spectroscopy. Optical extinction of NC dispersions was measured usmg a 

Shimadzu 3600 UV-visible-NIR spectrophotometer. 

X-ray Photoelectron Spectroscopy (XPS). XPS spectra were recorded on a Phi VersaProbe 5000 

instrument with an Al Ka X-ray source. Samples were prepared by dropping a small amount of 

concentrated NC dispersion onto a silicon wafer. 

Raman Spectroscopy. Raman spectra were collected using a Renishaw in Via Raman Microscopy. 

All measurements were carried out with a laser excitation wavelength of 488 nm. Samples were 

prepared by drop-casting a concentrated NC dispersion onto a glass substrate. 

Atomic Force Microscopy (AFM). AFM images were obtained using a Bruker Dimension Icon 

Atomic Force Microscopy. The measurements were carried out in tapping mode. Samples for AFM 

imaging were prepared by drop-casting from a dilute dispersion onto a glass substrate. 

Thermoelectric Properties. The thermoelectric properties of the fabricated thin film were 

measured using a custom-built apparatus. A typical 4-probe technique was used to measure the 
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electrical conductivity. The Seebeck coefficient was measured by heating one copper block on one 

side of the thin film and simultaneously measuring ~T and the thermoelectric voltage generated 

between two ends of the thin film_[42 ,43l The schematic and description of the measurement setup 

is provided below (Figure 2.1). This system was calibrated using a standard constantan sample, 

including subtraction of the contribution from the gold plated voltage probes. 

(A) 

Figure 2.1 Experimental setup for measuring Seebeck coefficient of a thin film. The sample (S) is 
suspended between copper blocks Cui and Cu2 mounted to an insulating Teflon stage M. The 
Seebeck coefficient is measured by heating copper block Cui via heater H to create ~T, and 
measuring Vrn across V+, V-. ~Tis measured by Si diode thermometers Th and Tc. 

2.5 Results and Discussion 

Although it is not the main focus of this study, we note that pure Sn(II) chalcogenides NCs can be 

easily produced from Sn4+ precursors when the solvents or ligands of the anion precursor can 

reduce Sn4+ to Sn2+_Examples of this include samples 1, 8, and 9 in Table 2.1. When oleylamine 

(OAm) was used as the solvent and in the S precursor, Sn(IV) was reduced and SnS NCs were 

produced. Similarly, Sn(IV) was reduced by the anion precursor ligand TOP to produce SnSe NCs. 

However, to produce tin (IV) chalcogenide NCs, we must develop other combinations of solvents 

and anion precursors to control the valance of tin and the morphology of the NCs. 

Synthesis of SnS2 Nanoflowers Using Different Sulfur Sources. To synthesize SnS2 NCs, one 

must remove OAm and OAm-S from the system to prevent the reduction of Sn(IV) to Sn(II) . 
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Therefore, QA was adopted in place ofQAm as the solvent, and QA-Sor thiourea was used as the 

sulfur source to produce SnS2 NCs. We first consider the case in which QA was used both as the 

solvent and for preparation ofthe S precursor. In this case, QA-S was injected into the Sn precursor 

solution at 195 °C and held for 10 minutes. TEM and SEM images (Figure 2.2A, 2.2B) showed 

the production of SnS2 nanoflowers, which are relatively mono-dispersed with an average size of 

~2.2 µm. Specifically, each flower-like structure comprised many individual nanosheets. The 

crystal structure and phase were examined by powder XRD. As shown in Figure 2.3A, all the XRD 

peaks can be indexed to JCPDS No. 04-002-6691 , representing bemdtite SnS2, with no impurity 

peaks. The Sn 3ds12 peak in XPS was observed at a binding energy of 486.8 eV, consistent with 

the +4 valence state of Sn (Figure 2.4). XPS and EDS results (Table 2.1) confirmed the valence 

state of Sn(IV) and the stoichiometry of SnS2 respectively. SnS2 nanoflowers were further studied 

by Raman spectroscopy (Figure 2.5). The characteristic peak of the Raman spectrum was observed 

at 317 cm-1, which is assigned to the A1g mode of SnS2, consistent with the XPS and EDS results. 

Table 2.1. Summary of Morphology and Stoichiometry of Tin Chalcogenide NCs 
Sample No. Solvent Anion source Description Stoichiometry of NCs 

1 OAm OAm-S Triangular SnS Sno.ssSo.4s 

2 OA OA-S SnS2 nanoflowers Sno.3sSo.6s 

3 OA Thiourea SnS2 nanoflowers Sno_34So.66 

4 ODE OA-S SnS2 nanoflakes Sno.3sSo.62 

5 OAm/OA (0.5:9.5) OA-S SnS2 nanoflowers Sno.32So.68 

6 OAm/OA (1:9) OA-S SnS2 nanoflowers Sno.32So.68 

7 OAm/OA (2:8) OA-S SnS2 nanoflowers Sno.33So.67 

8 OA TOP-Se SnSe nanostars Sno.soSeo.so 

9 OAm TOP-Se SnSe rectangular nanoplates Sno.s3Seo.47 

10 OA+TOPO TOP/OAm-Se SnSe2 hexagonal nanosheets Sno.36Seo.64 
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OA+TOPO TOP/QA-Se SnSe2 circular nanosheets Sno.33Seo.61 

12 OA OA-Se SnSe2 porous circular nanosheets Sno.32Seo.68 

11 

Figure 2.2. (A) TEM image (with SAED pattern in inset), and (B) SEM images of SnS2 
nanoflowers synthesized by injection ofOA-S as the sulfur source. (C) TEM image, and (D) SEM 
images of SnS2 nano flowers synthesized using thiourea as the sulfur source. (E) TEM image, and 
(F) SEM image of SnS2 nanoflowers synthesized using sulfur powder as the sulfur source. 

The reactivity of the anion source plays an import role in the formation of metal sulfide NCs. 

Hence, we investigated the role of sulfur source by using thiourea in place of OA-S. As thiourea 

could not be dissolved in OA, we adopted a one-pot heating method rather than the hot injection 

approach employed using OA-S. The detailed synthesis process is described in the Experimental 

Section. In this case, mono-dispersed SnS2 NCs were synthesized with a flower-like morphology 
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similar to that obtained using OA-S. As shown by TEM and SEM images in Figure 2.2C and 

Figure 2.2D, a similar flower-like structure is observed, but with a flatter surface and a smaller 

average size of - 275 nm. The observed XPS binding energy of Sn at 486.6 eV was also consistent 

with Sn(IV) (Figure 2.4). Similarly, EDS (Table 2.1) results confirmed the stoichiometry as SnS2, 

with the corresponding powder XRD pattern (Figure 2.3A) also matching the standard berndtite 

SnS2 crystal structure. We note that (0 0 1), (0 1 1) and (0 1 2) peaks were broader and weaker 

when thiourea was used as the sulfur source mainly due to the smaller size. The intensity of the (0 

0 1) peak decreased greatly, indicating that the nanosheets making up the nano flowers were very 

thin in the <O O 1> direction. XRD fitting was performed. The calculated crystallite dimensions in 

the (1 0 0) and (0 1 0) directions decreased greatly from 76 nm using OA-S injection to 11 nm 

using thiourea. 
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Figure 2.3. (A) Powder XRD patterns of SnS2 nanoflowers synthesized using OA-S as the sulfur 
source (grey), SnS2 nanoflowers synthesized using thiourea as the sulfur source (purple), SnS2 
nanoflakes synthesized using ODE as the solvent (green), SnS2 nanoflowers synthesized using 
OAm/OA as the solvent at ratios of 0.5:9.5 (yellow), 1:9 (blue), and 2:8 (red). (B) Expanded and 
smoothed (0 0 1) peaks of SnS2 nanoflowers synthesized using OAm/OA as the solvent at ratios 
of 0.5:9.5 (yellow), 1:9 (blue), and 2:8 (red). 
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Figure 2.4. XPS peaks near the Sn 3ds12 binding energy (black) and the fitted curves (red) for SnS2 
nanoflowers synthesized by using (A) OA-S, and (B) thiourea as the sulfur source, SnSe2 (C) 
hexagonal nanosheets, (D) circular nanosheets, and (E) porous circular nanosheets . 
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Figure 2.5. Raman spectra of (A) SnS2 nanoflowers, (B) SnSe2 hexagonal nanosheets, (C) SnSe2 
circular nanosheets, and (D) SnSe2 porous circular nanosheets. 
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Figure 2.6. Tauc plots for determining the direct band gaps of (A) SnS2 nanoflowers synthesized 
using OAm-S (black) and thiourea (blue) as the sulfur source, (B) SnS2 nanoflowers synthesized 
using OAm:OA as the solvent with the ratios of 0.5:9.5 (black), 1:9 (blue), 2:8 (red), (C) SnSe2 
hexagonal nanosheets (black), SnSe2 circular nanosheets (blue), SnSe2 circular nanosheets (red). 

To allow a more direct comparison with the results using thiourea, we also investigated the effect 

of using sulfur powder in the one-pot heating method. This provides the same OA-S precursor 

used in the hot-injection synthesis, but with the heating profile of the one-pot method. Flower-like 

structures were produced, with an average size of - 2.2 µm, as shown in TEM (Figure 2.2E) and 

SEM (Figure 2.2F) images. These nanoflowers were very similar in size and structure to those 

produced by hot injection ofOA-S, indicating that the anion source (OA-S vs. thiourea) rather than 

the synthesis route (hot-injection vs. one-pot heating) was the key factor determining the 

nanoflower size and morphology. The smaller size of the NCs produced using thiourea, with 

similar overall yield, implies a much higher density of nucleation using thiourea than using OA-S 

as sulfur precursor. This difference may be due to the low concentration and reactivity of thiourea 

during the crystal growth. Thiourea has low solubility in OA and must undergo multiple reaction 

steps, breaking covalent bonds, in order to donate S atoms to form the SnS2 NCs. Thus, as the 

system approaches the reaction temperature, thiourea may be simultaneously dissolving and 

decomposing to produce species that react with Sn(IV) to nucleate new NCs. 
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The band gap of the NCs also depended upon the sulfur source. For example, the NCs synthesized 

using OA-S had a direct band gap of 1.22 eV, while the smaller SnS2 nanoflowers had a wider 

direct band gap of 1.31 e V, as shown in Figure 2.6. This band gap difference could be attributed 

to quantum confinement in the very thin nanosheets making up the nanoflowers. 

Synthesis of SnS2 NCs using Different Combinations of Ligands and Solvents. Both the 

solvent used for the synthesis and the ligands available to bind to the NCs surfaces play important 

roles in the synthesis of SnS2 NCs. To explore these effects, we replaced OA as solvent with ODE 

for synthesis of SnS2 NCs, while still using OA-S as the sulfur source. The resulting NCs have the 

same crystal structure and stoichiometry obtained using OA as the solvent, but a different 

morphology. An irregular nanoflake morphology was observed, as shown in Figure 2. 7A. The 

XRD pattern (Figure 2.3A green line) matched bemdtite and all the peaks were relatively sharp, 

consistent with the large size of the nano flakes. 

Figure 2.7. SEM images of SnS2 nanoflakes synthesized (A) using ODE as the solvent, and SnS2 
nanoflowers synthesized using OAm:OA as the solvent at ratios of (B) 0.5:9.5 , (C) 1:9, and (D) 
2:8. 
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We also introduced QAm as a coordinating solvent while using QA as the non-coordinating 

solvent. As discussed above, SnS2 NCs formed a flower-like structure without QAm in the system. 

By gradually increasing the amount ofQAm, from 0.5 mL to 2 mL, while keeping the total solvent 

volume (QA+ QAm) fixed at 10 mL, we observed the flower-like NCs were transformed from 

packed to unpacked nanosheet structures, as can be seen in Figure 2.7B, 2.7C and 2.7D. These 

results suggest that QAm can serve to unpack or disassemble the nanosheets from the flower-like 

SnS2 NCs. Although at higher concentrations QAm reduced Sn(IV), as discussed in the previous 

section, when QAm was used at lower concentrations (up to 20% in QA), tin remained in the +4 

oxidation state and SnS2 NCs were produced. As the QA dominated the environment, Sn nuclei, 

mainly coated with QA, were formed without reduction. The crystal structure and the 

stoichiometry were revealed by XRD (Figure 2.3A) and EDS (Table 2.1). The powder XRD 

patterns matched the same bemdtite SnS2 structure as the SnS2 NCs using QA. The diffraction 

angle of the (001) peak was shifted to higher angle when a small amount of QAm was added, but 

shifted back toward its standard position as the amount of QAm was increased (Figure 2.3B). 

Notably, no other peak shift was observed, indicating a highly anisotropic lattice distortion in the 

<0 0 1 > direction. 

By varying the combination of ligands and solvent, we were able to synthesize SnS2 NCs with 

different morphologies without changing the composition, the valence of Sn, or the crystal 

structure. The band gap of SnS2 NCs was also controlled by modifying the recipe. By increasing 

the amount of QAm in the solvent, the band gap of SnS2 was tuned from 1.38 eV to 1.52 eV, as 

detailed in Figure 2.6. In addition, we showed that a small amount of QAm could be introduced 

without reducing Sn(IV) to Sn(II). 
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Synthesis of SnSe2 NCs with Different Shapes Using Different Ligand Combinations. 

32 44lDifferent shapes of SnSe2 NCs have been reported through various deposition techniques, [31 , , 

but few articles focused on solution-phase synthesis. [45 , 46l Herein, we developed a general facile 

hot-injection method to prepare colloidal SnSe2 nanosheets with various morphologies using 

SnCl4, rather than the previously reported Sn Ch, as the cation source. We found that in our process, 

Sn (IV) could be reduced to Sn(II) in the presence of OAm. In order to maintain Sn(IV), we used 

OA rather than OAm as the solvent. We also found that TOPO could be added as the coordinating 

ligand without changing the valence state of Sn. As discussed previously, using TOP-Se as the 

selenium source would reduce Sn(IV) to Sn(II) and form SnSe. Thus, we developed alternative 

TOP-based organoselenium precursors that avoid reduction of Sn(IV) to Sn(II). After TOP-Se was 

prepared, a fatty amine or acid, like OAm or OA, was simply added into the solution. The mixture 

was then sonicated to form a TOP/OAm-Se or TOP/OA-Se precursor that did not cause reduction 

of Sn(IV). 

Injecting TOP/OAm-Se into a Sn precursor prepared by dissolving SnCl4 ·5H2O in OA/TOPO and 

reacting at 190°C, produced hexagonal nanosheets of SnSe2 as shown in Figure 2.8A and 2.8B. 

The low magnification SEM image illustrates the uniform size and shape distribution, with an 

average edge length of 1.8 µm. Increasing the amount of TOPO and changing the selenium 

precursor to TOP/OA-Se produced circular nanosheets (Figure 2.8C and 2.8D), with an average 

diameter of 1.4 µm. AFM was further performed to determine the thickness of the nanosheets. The 

image and analysis are presented in Figure 2.9, showing an average nanosheets thickness of - 15 

nm. The use of TOP provided a way to increase the reactivity of the Se source. Meanwhile, the 

presence of OAm/OA strongly influenced the growth direction of the SnSe2 NCs. Finally, using 

OA-Se as the selenium source and using OA, rather than OA/TOPO, as the solvent for the Sn 
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precursor produced porous circular nanosheets with an average diameter of about 600 nm, as 

shown by the TEM image and SEM images in Figure 2.8E, and 2.8F, respectively. Compared to 

the TOP-based Se precursors, OA-Se has relatively low reactivity, resulting in lower yield and 

smaller size NCs. This low reactivity also led to a slow crystal growth rate and the formation of 

porous structures. 
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Figure 2.8. (A, B) SEM images of SnSe2 hexagonal nanosheets, (C) TEM image and (D) SEM 
images ofSnSe2 circular nanosheets, (E) TEM image and (F) SEM images ofSnSe2 porous circular 
nanosheets. (G) Powder XRD patterns of SnSe2 hexagonal nanosheets (blue), SnSe2 circular 
nanosheets (yellow), and SnSe2 porous circular nanosheets (red). 
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Figure 2.9. Representative AFM measurement of the thickness of a SnSe2 circular nanosheet. The 
nanosheet has an average thickness of - 15 nm. 

Detailed XPS, XRD, EDS, and Raman characterization were also performed to confirm the 

composition and crystal structure of these NCs. The XPS spectra (Figure 2.4), with Sn 3ds12 peaks 

between 486.4 - 486.7 eV, revealed the valence state of Sn as Sn(IV), confirming that neither 

TOPO, the newly-developed TOP-based selenium precursors, nor OA reduced Sn(IV) to Sn(II). 

This is also in agreement with the 1 :2 ratios of Sn to Se measured by EDS, as summarized in Table 

2.1. The powder XRD patterns of these SnSe2 NCs with different shapes (Figure 2.8G) had peaks 

in accordance with JCPDS No. 01-089-3197, corresponding to tin (IV) selenide, without any 

evident impurity phases. The strong and sharp peaks of the hexagonal and round nanosheets 

indicated they were highly crystalline with relatively large crystallite size. For the hexagonal and 

circular nanosheets the (0 1 1) peak was the strongest and sharpest peak in the pattern, while for 

the porous circular nanosheets the (0 0 1) peak was stronger, indicating a thicker porous structure 

with a preferred orientation in the <1 0 O> direction. We also found that all peaks of the XRD 

pattern of porous circular nanosheets were broader than those of the other two nanosheets, 

indicating much smaller crystallite size, as would be expected for a porous, polycrystalline 

structure. The peaks of the Raman spectra (Figure 2.5B-D) for these nanocrystals of different 

1shapes were observed at 187 to 186 cm- , which could be assigned to the A1g mode of SnSe2. We 
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noticed that there was a one wavenumber shift of the peaks. Shifting of peaks towards higher or 

lower wavenumbers usually came from a change in chemical bonds. In this case, we believe this 

very slight change was due to the different capping ligands on the nanocrystals, which would 

influence bonding between the capping ligands on the nanocrystals. In contrast to the SnS2 NCs, 

the band gap of SnSe2 varied only slightly, from 1.12 e V to 1.13 e V for these NCs of different 

sizes and shapes obtained using different precursor and solvent combinations. 

Other solvents and anion precursor combinations were also investigated systematically. In each 

case, the composition in the SnSe2 NCs was confirmed by EDS (Figure 2.10 inset). XRD (Figure 

2.1 0C) showed that the crystal structure remained the same. A mixture of heterogeneous SnSe2 

structures with different shapes was obtained by varying the combination of anion precursor and 

solvents. SEM images showed a mixture of nanoflowers or nanosheets and nanospheres of 

different sizes. When OAm was added as a non-coordinating solvent, more spherical NCs were 

produced and their size increased, compared with that produced using OAm as a coordinating 

ligand of the Se precursor (Figure 2.10A, B). 

- Ligand(C) 
- Solvent 

1'7·fMdffiiUOU 
Coordinating ligand of Se precursor 35 65 

Non•coordinating solvent 35 65 

Tin(IV) Selenide, 01-089-3197 

10 20 30 40 50 60 70 80 
Diffraction angle (20) 

Figure 2.10. SEM images of SnSe2 nanoflakes and sphere mixture synthesized using OAm as (A) 
coordinating ligand of Se precursor and (B) the non-coordinating solvent, (C) their XRD patterns 
and EDS summary. 
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Thermoelectric properties of SnS2 and SnSe2 NC Thin Films. The as-synthesized SnS2 and 

SnSe2 NCs were dispersed in chloroform, and then spin-coated onto glass substrates to form thin 

films. For SnS2, we present results using nanoflowers like those shown in Figure 2.2A and 2.2B, 

which corresponds to sample 2 in Table 2.1. For SnSe2, we present results for the circular 

nanodisks ofFigure 2.8C and 2.8D, which correspond to sample 11 ofTable 2.1. The as-deposited 

NCs were capped by long chain ligands, which would greatly reduce the electrical conductivity of 

the fabricated films. To remove these ligands, we heated the thin films on a hotplate at 300°C 

under an inert N2 atmosphere for 1 hour. The fabricated films were characterized by SEM to assess 

the quality of the films and effect of heat treatment, as shown in Figure 2. llA-D. The details of 

the SnS2 film indicated that the nanoflower morphology of the SnS2 NCs was not dramatically 

changed by the heat treatment, while the SnSe2 NCs were somewhat sintered, but maintained an 

overall nanosheet morphology. Because the annealing temperature was not very high, dense films 

were not formed. Nevertheless, both films showed a moderate electrical conductivity on the order 

of 103 S/m at room temperature. The Seebeck coefficients of SnS2 and SnSe2 thin films were 

measured near ambient temperature (Figure 2.1 lE and 2.1 lF), yielding values of -150.1 µV/K and 

-126.3 µV/K, respectively. The negative values indicate both materials are n-type semiconductors 

with electrons as the majority carriers. P-type SnS2 and SnSe2 were predicted to have to the 

potential to achieve Seebeck coefficients of 204 µV /K and 210 µV/K, respectively, by BoltzTrP 

calculations. [47l Bulk SnxSy and SnSe2 thin films , prepared by vacuum deposition techniques with 

different thicknesses, were reported to have Seebeck coefficients of 60~4600 µ V /K and -30~-310 

µV/K, respectively_[4s, 49l Compared with these results for bulk SnxSy and SnSe2 and results for 
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other thin film materials as shown in Table 2.2, the present material clearly hold promise as 

thermoelectric materials. 

Table 2.2. Seebeck coefficients comparison of our work to other thin film materials 

Materials BhSe3 1 BhTei PbTe3 Sb2Te34 SnxSy5 SnSe26 SnS2 SnSe2 

Seebeck coefficient (µVIK) 82.7 220 230 116 60~4600 -30-310 -150 -126 

(E) (F) 
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Figure 2.11. (A) Top view and (B) cross-section of SnS2 film. (C) Top view and (D) cross-section 
of SnSe2 film. Plots of generated voltage (~ V) as a function of temperature difference (~T) used 
to determine Seebeck coefficient for (E) SnS2 and (F) SnSe2 thin films. 

2.6 Conclusion 

In this report, we developed a facile colloidal method for synthesizing tin (IV) chalcogenides with 

controllable morphology and band gap, and applied these NCs to thin films for thermoelectrics. 

This provides novel ideas of solution-phase synthesis of SnSe2 in the form of circular and 

hexagonal nanosheets and investigation of preparation of thin film thermoelectrics from colloidal 

SnS2 and SnSe2 NCs. We investigated the role of different solvents and anion precursor 

combinations in the formation of tin (IV) chalcogenide NCs. Sn(IV) could be reduced when OAm 
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was used as the solvent, or TOP-Se was used as the anion source. We developed alternative solvent 

and anion precursor combinations, and managed to maintain the valance of tin (IV) and produce 

tin dichalcogenide NCs. Interestingly, we found that OAm and TOP did not reduce Sn4+ when they 

acted as a coordinating solvent or ligand. By controlling the ligands and the anion source, we were 

able to manipulate the shape and size of tin (IV) chalcogenide NCs while maintaining a fixed 

crystal structure. SnS2 and SnSe2 NCs were processed to form thin films for testing of their 

thermoelectric properties. Despite their modest electrical conductivity, their films had promising 

Seebeck coefficients of -150.1 µV/K and -126.3 µVIK , respectively. This study provides a general 

framework for producing tin (IV) chalcogenide nanoinks that could be cost-effective and easily 

processed into nanostructured thin films that show promise for application in thin film 

thermoelectric devices. 
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3. CHAPTER THREE: CONTROLLABLE COLLOIDAL SYNTHESIS OF TIN(II) 

CHALCOGENIDE NANOCRYSTALS AND THEIR SOLUTION-PROCESSED 

FLEXIBLE THERMOELECTRIC THIN FILMS 

3.1 Abstract 

We report a systematic colloidal synthesis approach to prepare tin(II, IV) chalcogenide 

nanocrystals with controllable valence and morphology, and demonstrate preparation of solution

processed nanostructured thermoelectric thin films from them. Triangular SnS nanoplates with a 

recently-reported cubic structure (n-SnS), SnSe with various shapes (nanostars, rectangular and 

hexagonal nanoplates), SnTe nanorods, and previously reported Sn(IV) chalcogenides, were 

obtained using different combinations of solvents and ligands with a Sn4+ precursor. These unique 

nanostructures and the lattice defects associated with their Sn-rich composition allow us to produce 

flexible thin films with competitive TE performance, exhibiting room temperature Seebeck 

coefficients of 115, 81 , and 153 µV K-1 for SnS, SnSe and SnTe films , respectively. Interestingly, 

a p-type to n-type transition was observed in SnS and SnSe due to partial anion loss during post

synthesis annealing at 500 °C. After anion loss, these films exhibited Seebeck coefficients of -76.8 

and -90. 7 µ V K-1
, respectively. A maximum ZT value of 0.183 was achieved for a Sn Te thin film 

at 500 K, exceeding ZT values from previous reports on SnTe at this temperature. This study 

provides a general strategy to prepare tin(II) chalcogenide nanocrystals and demonstrates their 

potential for use in high-performance flexible thin film thermoelectric generators. 

3.2 Introduction 

Thermoelectric (TE) technology has been utilized for power generation, temperature sensing, and 

refrigeration, converting temperature differences to electric potential or producing temperature 
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differences from applied voltage. As a result, it is considered to be a clean and sustainable means 

of producing electrical power by utilizing waste heat. [l-
3J The efficacy of a TE material is 

determined by the dimensionless figure ofmerit (ZT), calculated from the Seebeck coefficient (S), 

electrical conductivity (o), and thermal conductivity (K), ZT=(S2o-/K)T. The main challenge of 

enhancing the TE performance, i.e. achieving a high power factor (PF=S26) and a low K , is the 

common dependence of S, 6 , and K upon carrier concentration (n) , which limits the possibilities 

for tuning them independently. [4l Nanostructuring, doping, alloying, introducing lattice defects, 

and other approaches have been explored to optimize ZT, by reducing K and improving PF. [5-sJ 

Lead-based chalcogenides have been widely investigated based on their potential thermoelectric 

applications, as well as other applications in optoelectronics. The lattice thermal conductivity (KL) 

of PbS is greatly suppressed by the presence of nanoscale grains, which can be formed by 

precipitation from solid solution. [9l Replacing three Pb sites with two Sb atoms in PbSe introduces 

cation vacancies, creates a high density ofdislocations, provides strong scattering ofphonons, and 

ultimately leads to a reduced KLY 0l Moreover, ZT of Pb Te could also be optimized by controlling 

n, through substitution of La for Pb or I for Te. [llJ However, the use oflead raises environmental, 

health, and safety concerns because of its toxicity, which greatly limits large-scale applications of 

these materials. From this viewpoint, tin-based materials, which have wide potential applications 

in energy storage, optoelectronics, photovoltaics, and thermoelectrics, are considered good 

alternatives, due to the earth abundance and relatively low toxicity of Sn compared to Pb. [12 
-
14l 

Nano-size materials, rather than nanoscale grains, can be another nanostructuring approach to 

improve TE performance. Therefore, colloidal preparation of tin chalcogenide nanocrystals (NCs) 

5has been intensively studied in recent years. [l -
24l These nano-size material dispersions can be 

easily processed by solution-phase coating processes, without high vacuum or high energy input. 
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Moreover, the as-fabricated thin films only require a small amount of the NC dispersions, which 

makes this process very cost-effective. 

The nanostructuring approach has shown promise for allowing SnS, SnSe, and SnTe NCs to 

achieve competitive TE performance. [25-29l Doping and alloying tin(II) chalcogenides with metals 

or metal chalcogenides, which results in increased phonon scattering or a controllable n, provides 

another way to optimize ZT. [3o-3sJ In this work, we report a facile and low-cost colloidal route to 

synthesize tin(II or IV) chalcogenide NCs with controlled vacancy concentrations and 

morphologies. The fabrication of flexible TE thin films and their TE performance were also 

studied. Starting with SnCl4 as the Sn precursor, we are able to control the valence state of Sn and 

produce 2D triangular SnS, 2D SnSe with nanostar, rectangular, and hexagonal nanoplate shapes, 

and ID Sn Te nanorods, as well as previously reported Sn(IV) chalcogenide NCs, by using different 

combinations of solvents and ligands. [39l These nanoinks could be easily spin-coated onto glass or 

plastic substrates to fabricate TE films. We also show that heat treatment can induce a transition 

from p-type ton-type semiconductor behavior in these materials, similar to a previous report. [40J 

3.3 Experimental Section 

Chemicals. Tin(IV) chloride pentahydrate (SnCk5H2O, ACS reagent 98+%) and tellurium 

powder (Te, trace metal 2:99.999%) were purchased from Acros Organics. Sulfur powder (S , trace 

metal 99.98%), selenium powder (Se, trace metals 99.5%), oleylamine (OAm, technical grade 

70%), oleic acid (OA, technical grade 90%), and trioctylphosphine (TOP, technical grade 90%), 

were purchased from Sigma-Aldrich. All chemicals were used as received without further 

purification. 
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Preparation of OAm-S precursor. These precursors were prepared in a manner similar to our 

previous reports. [41 , 42l Briefly, to prepare OAm-S, 2 mmol of S powder was added into 2 mL of 

OAm, heated to 130 °C, and held for 3-5 minutes to form a clear blood-red OAm-S solution. 

Preparation of OAm-Se. These precursors were prepared as described previously. [24, 43l Briefly, 

to prepare OAm-Se, 2 mmol of Se powder was added into 20 mL OAm, degassed at 110 °C for 30 

minutes under nitrogen protection, then rapidly heated to 330 °C and held for 30 minutes to form 

a clear dark brown OAm-Se solution. 

Preparation of TOP-Se precursor. As in our previous work, 2 mmol of Se powder was dissolved 

in 2 mL ofTOP by sonication and stirring at room temperature under nitrogen until a clear solution 

formed. 

Preparation of TOP-Te precursor. As in our previous work, 2 mmol of Te powder was mixed 

with 2 mL of TOP and heated to 350 °C with stirring under nitrogen until a clear solution formed. 

Synthesis of Triangular SnS NCs. In a typical synthesis, 1 mmol ofSnCl4·5H2O was mixed with 

10 mL of OAm. The mixture was degassed at 110 °C for 1 hour under nitrogen protection to 

remove dissolved oxygen and water. The solution was then heated to 195 °C, followed by injection 

of 2 mL of OAm-S. After injection, the solution was kept at 195 °C for 10 minutes. 

Synthesis of SnSe N anostars. In a typical synthesis, 1 mmol of SnCl4 · 5H2O was mixed with 10 

mL of OA. The mixture was degassed at 110 °C for 1 hour under nitrogen protection. The solution 

was heated to 180 °C, followed by injection of 2 mL of TOP-Se. After injection, the solution was 

kept at 180 °C for 15 minutes. 

Synthesis of SnSe Rectangular Nanoplates. In a typical synthesis, 1 mmol of SnCk 5H2O was 

mixed with 9 mL of OA and 1 mL of OAm. The mixture was degassed at 110 °C for 1 hour under 
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nitrogen protection. The solution was heated to 180 °C, followed by injection of 2 mL of TOP

Se. After injection, the solution was heated to 250 °C, and kept at this temperature for 15 minutes. 

Synthesis of SnSe Hexagonal Nanoplates. In a typical synthesis, 1 mmol of SnCk 5H2O was 

mixed with 10 mL of OA/OAm. The mixture was degassed at 110 °C for 1 hour under nitrogen 

protection. The solution was heated to 180 °C, followed by injection of 20 mL of OAm-Se. After 

injection, the solution was heated to 250 °C, and kept at this temperature for 15 minutes. 

Synthesis of Sn Te Nanorods. In a typical synthesis, 1 mmol of SnCl4 · 5H2O was mixed with 10 

mL of OA. The mixture was degassed at 110 °C for 1 hour under nitrogen protection. The solution 

was heated to 280 °C, followed by injection of 2 mL of TOP-Te. After injection, the solution was 

kept at this temperature for 15 minutes. 

Separation and Purification of Prepared NCs. In all cases, ethanol was added to the NC product 

dispersions to destabilize them. The loosely aggregated NCs were then collected by centrifugation 

at 4000 rpm for 2 minutes. The prepared NCs could be redispersed in solvents such as chloroform 

and toluene. The washing process was repeated twice to remove residual ligands and unreacted 

precursors. 

Fabrication of Tin Chalcogenide Thin Films. The glass substrate was washed with methanol, 

acetone and deionized water. The colloidal SnS/SnSe/SnTe NCs were spin coated, at 1000 r.p.m. 

for 30 seconds, onto the glass substrate. To improve the conductivity of the thin film, it was then 

annealed on a hot plate at 300 °C for one hour in an inert atmosphere. The annealing temperature 

was increased to 500 °C to cause the p-type ton-type transition of SnS and SnSe. 

Transmission Electron Microscopy (TEM). We characterized the size and morphology ofNCs 

using a JEOL JEM-2010 microscopy at a working voltage of 200 kV. Samples were prepared by 

dropping a few microliters of a dilute NC dispersion onto a carbon-coated copper TEM grid. 
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Selected area electron diffraction (SAED) patterns were also obtained using the JEOL JEM-2010 

TEM. 

Scanning Electron Microscopy (SEM) and Energy Dispersive X-ray Spectroscopy (EDS). 

The size and morphology ofNCs were also characterized using a Carl Zeiss AURIGA CrossBeam 

Focused Ion Beam/Scanning Electron Microscopy system. Compositional analysis of NCs was 

obtained using an Oxford EDS system with this SEM. Samples were prepared by dropping a small 

amount of a concentrated NC dispersion onto conductive carbon tape. 

Powder X-ray Diffraction (XRD). The crystal phases present in product NCs were determined 

using powder XRD (Bruker Ultima IV with Cu Ka X-ray source). Samples were prepared by drop

casting a concentrated NC dispersion onto a glass substrate. 

Raman Spectroscopy. Raman spectra were collected using a Renishaw in Via Raman Microscopy. 

All measurements were carried out with a laser excitation wavelength of 488 nm. Samples were 

prepared by drop-casting a concentrated NC dispersion onto a glass substrate. 

Thermoelectric Properties. The thermoelectric properties were measured using a custom built 

apparatus, similar to that reported by Kim et al. [44l A typical 4-point probe technique was used to 

measure the electrical conductivity based on the following formula: 

I I ln2
a-=-·-·(-)

R S ;rr 

where R is the measured resistance between non-current-carrying probes, l is the distance between 

those probes, and S is the cross-sectional area of the sample. The standard correction term was 

introduced to account for the finite dimensions of the probes and boundaries of the sample. [45l The 

Seebeck coefficient was measured by heating one copper block and simultaneously measuring ~T 

and the thermoelectric voltage generated. [46
-
48l A schematic and description of the measurement 
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setup was provided in chapter 2. This system was calibrated using a standard constantan sample, 

including subtraction of the contribution from the gold plated voltage probes. 

The thermal conductivity ofthe sample was measured by an opto-thermal Raman technique, which 

involves two groups of measurements, as described in a previous report. [49l The first group of 

measurements involves collecting temperature-dependent Raman spectra, with the sample on a 

heating stage to obtain the relation between temperature and Raman peak positions. The second 

group is laser power dependent Raman measurements, with the sample exposed to different laser 

powers to obtain the relation between laser power and Raman peak positions. Based on these two 

relations along with the sample geometry, thermal conductivity is calculated as previously 

described. [ 49l Specifically, a laser is focused at the center of the sample and used to measure the 

position of a Raman-active mode. As the laser power is increased, the sample is heated which 

produces a red-shift of the Raman mode due to thermal softening. Thermal modeling can then be 

used to extract the thermal conductivity from the measured shift vs. laser power. The laser used in 

the Raman measurement was focused on the sample using both SOX and lOOX objective lenses, to 

obtain the two unknown parameters ( thermal conductivity and interfacial thermal conductance 

between sample and substrate). We first calibrated the shift rate of the Raman peak position with 

temperature by heating the entire substrate on a thermal stage (from 300K to SOOK). For thermal 

conductivity measurements, the Raman peak shift was measured as a function oflaser power, using 

lOOx and SOx objectives with 0.46 and 0.62 µm spot sizes for each, and at different laser powers. 

These measurements were repeated for the same sample placed on thermal stage of 300K, 400K, 

and SOOK. The calculation is based on isotropic thermal analysis in cylindrical coordinates as 

described by the following equations: 

1 d dT g Aq"'
--(r-)--(T-Ta) +--= 0 (1)
rdr dr Kt K 
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Q =q'"t exp (;.2 ) rrr.2 (2) 

00 Tzf T(T)exp(- - 2 )TdT
0

T = To (3)
m 00 Tz

J exp(- - 2 )TdT
0 To 

T: temperature (K), which is a function of radial position (r) 

r : radial distance from the center of the laser beam (m) 

1 1 1 

q : volumetric optical heating (W m-3
) 

Q: laser power (W) 

K : thermal conductivity of the film (W m-1 K-1
) 

g: interface thermal conductance between the film and substrate (W m-2 K-1
) 

t: thickness of the film (m) 

Ta: temperature of the substrate (K) 

ro: laser spot radius (m) for Gaussian beam 

Tm :measured film temperature (K) 

A: absorption 

3.4 Results and Discussion 

Colloidal Preparation and Characterization of Tin(II) Chalcogenide NCs 

Briefly, tin(II) chalcogenide NCs were synthesized by a colloidal hot-injection method, using Sn4+ 

as the Sn source along with various combinations of solvents and anion precursors, as illustrated 

in Figure 3 .1.[39l Solvents and ligands were found to play a critical role in controlling the valence 

and shape of tin chalcogenides. Sn4+ was reduced to Sn2+ when oleylamine (OAm) was used as 

solvent, while it remained in the +4 oxidation state when oleic acid (OA) was adopted. 
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• • • 
• 

Additionally, using trioctylphosphine (TOP) or OAm as a ligand for the anion precursor provided 

another route to reduce Sn4 
+ _ Details of the preparation of SnS, SnSe, and SnTe with varied 

morphology are given in the experimental section. 

OAm-SOA OAm
TOP-Se 

SnSe " " SnS •• • Sn•· nuclei Sn2• nuclei •• " .. •• 
• 
•• 8 .. " " • " 

8 0 0 " • " • fOP-Sc • • " 
TOP-Te • • .. .

• • SnSe SnTe 

sf •• •• OAm-Se • •• 
" 

..
• • " 

SnSe2 " 
SnSe 

I Oleic acid: OA 
Oleylamine: OAm 
Trioctylphosphine: TOP 

Figure 3.1. Synthetic scheme for tin(II, IV) chalcogenide NCs using Sn(IV) precursors and 
different combinations of solvents and ligands. 
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Figure 3.2. (a, c) TEM and (d) SEM images, and (b, inset of c) SAED pattern of triangular SnS 
NCs. (e, f) TEM and (g) SEM images, and (f) SAED patterns ofSnSe nanostars. (h, j) SEM images 
and (i) SAED pattern ofSnSe rectangular nanoplates. (k) TEM and (m) SEM images, and (1) SAED 
pattern of SnSe hexagonal nanoplates. (n) TEM and (p) SEM images, and ( o) SAED pattern of 
Sn Te nanorods. 

Triangular 1t-cubic SnS NCs 

SnS NCs produced using OAm-S as sulfur source, SnCl4 as tin source, and OAm as solvent 

adopted a triangular morphology of nearly uniform size, as shown in the TEM images of Figure 
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3.2a and c. The SEM image (Figure 3.2d) confirms that these NCs have a 2D plate shape rather 

than a 3D tetrahedral morphology, with an average edge length of- 120 nm. SAED patterns (Figure 

3.2b and inset of c) indicate that the NCs are single crystals. However, the XRD pattern of these 

NCs, shown in Figure 3.3a, did not match any standard SnS phase from the standard databases. 

While its major peaks could be assigned to simple cubic SnS, multiple smaller peaks were also 

present. These peaks show that the XRD pattern of the SnS NCs corresponds to a slightly different 

recently-reported SnS structure that is recognized as a large simple cubic or n-cubic structure. [5o-

52l This structure has a larger unit cell with a lattice constant of a= 11.6233 A, rather than 5.80 A 

for the simple cubic SnS structure mentioned above. [53-55l Figure 3 .3b presents the n-SnS unit cell, 

consisting of 32 Sn and 32 S atoms. Figure 3.4a shows the Raman spectrum of the as-prepared 

NCs at room temperature (RT), which is consistent with previous studies. [56-58l Three observed 

Raman peaks at 93 , 162 and 216 cm-1 can be assigned as the Ag, B3g, and Ag modes of SnS, 

respectively. Noticeably, these peaks are blue-shifted relative to their expected positions for bulk 

SnS, which is presumably due to the nano-size effect. Obvious broadening of the 162 cm-1peak 

was observed, indicating the presence of lattice defects. [59, 60l Presence of these defects is further 

confirmed by EDS , which shows a Sn-rich composition of approximately Sno_55So.45 (Table 2.1). 

Elemental mapping of the SnS NCs was also performed, demonstrating that both Sn and S are 

uniformly distributed throughout the NCs as expected. 
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Figure 3.3. (a) Powder XRD patterns of triangular SnS NCs (yellow), SnSe nanostars (blue), SnSe 
rectangular nanoplates (light blue), SnSe hexagonal nanoplates (green), and SnTe nanorods (dark 
red). (b) Crystal structures of simulated re-cubic SnS, orthorhombic SnSe, and cubic Sn Te. 
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Figure 3.4. Raman spectra of (a) triangular SnS NCs (yellow), (b) SnSe nanostars (blue), SnSe 
rectangular nanoplates (light blue), SnSe hexagonal nanoplates (green), and (c) SnTe nanorods 
(red). 

SnSe NCs of Various Morphologies 

In the synthesis of SnSe NCs, OA was used as the primary solvent, rather than OAm as reported 

previously, to prevent the reduction of Sn4+ in the nucleation process. [39J However, when TOP-Se 
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was adopted as the selenium source, it could serve this purpose by reducing tin(IV) to tin(II) to 

yield SnSe NCs. In this case, 2D SnSe nanostars were produced, as revealed by TEM and SEM 

images (Figure 3.2e, f, and g). The three-leg and four-leg nanoplates with star-like morphology 

have an average size of ~500 nm. To understand the roles of solvent and ligand during the 

formation process, the morphologies ofSnSe NCs prepared using various combinations ofsolvents 

and ligands were systematically investigated. For example, when OA was replaced by OAm, while 

the other synthesis conditions remained unchanged, a different shape of SnSe was obtained. SEM 

images (Figure 3 .2h, j) revealed that these SnSe NCs took the form ofrectangular nanoplates, with 

an average edge length of ~1.7 µm. This variation in morphology of SnSe NCs originates from the 

different capping ligands of Sn nuclei. With the same anion precursor, different capping ligands 

on the Sn nuclei control the growth and the formation nanocrystals. On one hand, different shapes 

of SnSe NCs can be produced in different solvents. On the other hand, ligands of the anion 

precursors can also play an important role. This was further investigated by substituting TOP-Se 

with OAm-Se to manipulate the shape of the SnSe NCs. Using either OA or OAm as the solvent, 

with OAm-Se as the anion precursor, SnSe NCs with a 2D hexagonal shape were obtained. The 

corresponding TEM and SEM images (Figure 3 .2k, m) show hexagonal nanoplates with an average 

lateral dimension of ~ 1 µm. In this case, the use of two different solvents did not significantly 

affect the SnSe shape. The anion precursor, OAm-Se, determines the growth direction of the SnSe 

NCs to form hexagonal plates, rather than the SnSe nanostars and rectangular plates produced 

using TOP-Se and the same solvents. 

Although the morphologies are different, all XRD patterns of these SnSe NCs (Figure 3.3a) show 

the same crystalline structure oforthorhombic SnSe (JCPDS No. 04-009-2259), as shown in Figure 

3 .3b. The high intensity and sharpness of the peaks are consistent with the NCs ' large size. The 
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XRD patterns were analyzed to estimate crystallite size. These NCs of various shapes have 

crystallite sizes ranging from 177 to 237 A. These sizes are, in general, slightly smaller than the 

overall NC dimensions, suggesting that the nanostructures are polycrystalline, but that each 

consists of only a few crystalline domains. No additional peaks can be observed, indicating the 

absence of Sn(IV)-containing phases or other byproducts. The high crystallinity and crystal 

structure of these NCs were also confirmed by SAED, as shown in Figure 3.2f, i, and 1. The crystal 

plane indices are clearly identified in the SAED patterns obtained with the electron beam along 

the [ 100] zone axis, corresponding to reflections of (011 ), (002), (022), and ( 422) planes of single 

crystalline SnSe. Raman spectroscopy was also applied to characterize the SnSe NCs. Four peaks 

are clearly observed at 71 , 108, 130, and 150 cm-1, respectively. These characteristic peaks can be 

attributed to two modes of SnSe: The peak at 108 cm-1 corresponds to the B3g mode, while the 

other three peaks correspond to the Ag mode. [6IJ Due to size effects and the presence of lattice 

defects, some shifts and broadening of the peaks are observed, similar to SnS. [59
, 
60l Moreover, the 

NCs have nearly stoichiometric composition, Sno.soSeo.so for nanostars and Sno.s3Seo.47 for the other 

two, which confirms the oxidation state of tin in the NCs. Related EDS data are summarized in 

Table Sl . 

SnTe Nanorods 

The morphology and size of Sn Te NCs prepared in a similar manner were characterized by TEM 

and SEM imaging (Figure 3.2n, p). ID nanorods with an average width of ~80 nm and length of 

~ 1 µm were observed. The corresponding EDS measurements showed a slightly Sn-rich 

composition, approximately Sno.s4Teo.46 (Table 2.1). The XRD pattern (Figure 3.3a), matching 

JCPDS No. 04-003-4188, corresponds to cubic (rock salt) SnTe (Figure 3.3b). The very sharp 
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peaks correspond to a crystallite size of 743 A for the SnTe nanorods. Figure 3.20 presents a 

typical SAED pattern of the Sn Te single crystals. In detail, the diffractions spots, parallel to the 

[011] zone axis, were indexed to (200), (220), (222), ( 422), and (420) planes. The Raman spectrum 

of the as-synthesized NCs is dominated by two typical Sn Te peaks at 125 cm-1 and 142 cm-1, in 

agreement with previous reports. [62
• 

63l These peaks can be assigned to LO and TO modes, 

respectively, with the slight shift attributed to the size effect as discussed above. 

Thermoelectric Properties of the Tin(II) Chalcogenide Thin Films 

This colloidal approach allows high yield production ofSn-chalcogenide NCs, which can be stably 

dispersed in various organic solvents. These nanoinks can be easily processed by spin coating onto 

different rigid or flexible substrates without high energy input (Figure 3.6a). Here, annealing at 

moderate temperature is used to eliminate the ligands and improve the electrical conductivity of 

the films without affecting the morphology, composition, or crystallinity of the original building 

blocks. As a typical example, Figure 3.6b shows a cross section of a SnTe thin film after post 

treatment, demonstrating the presence of intact Sn Te nanorods. Solid solution alloying and second 

phase nanostructuring have been proven to have significant effects on thermoelectric behavior. [3 ll 

For example, nanoscale precipitates in In- and Cd-codoped SnTe was reported to produce a great 

enhancement of the thermoelectric performance. [36l Therefore, we believe this nano-sizing 

approach, by applying nanoscale NCs to flexible films, could provide another means of 

nanostructuring for wearable and portable TE generators. [64l 
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Figure 3.5. (a) Schematic illustration of high temperature annealing and the transition of the 
SnS/SnSe from p-type to n- type. Room temperature Seebeck coefficients of the p-type (b) SnS 
and (d) SnSe thin films. Temperature dependent Seebeck coefficients, electrical conductivity and 
power factor of then-type (c) SnS and (e) SnSe thin films. 

We also characterized the temperature dependent TE performance of thin films of these Sn(II) 

chalcogenides. Firstly, Figure 3.5b presents the Seebeck coefficient (S) of the as-fabricated SnS 

film with a value of 115 µV K- 1 at RT. The positive value indicates SnS NCs are p-type 

semiconductors with holes as the majority carriers. Unfortunately, the electrical conductivity ( o) 

of the film is below 100 S m-1, which can be attributed to excess ligands remaining on the NCs. 

To improve 6 , the SnS film was further annealed at 500 °Cina glove box (N2 atmosphere, slightly 

above atmospheric pressure) for one hour to eliminate residual ligands. The XRD pattern of the 

annealed SnS thin film indicated no obvious phase change. The intensity of peaks was reduced, 

and noise level increased, compared to that of thicker NC films prepared specifically for XRD 
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analysis, presumably due to the small size of the sample and the lower thickness of the film. Slight 

changes in the relative intensities of XRD peaks after annealing may indicate a degree of 

preferential orientation. Interestingly, this higher temperature annealing not only produced a 

dramatic increase in 6 , but also a p- to n-type transition. A negative S value was observed for the 

film after annealing at 500 °C. Actually, under high temperature annealing, anion atoms in SnS 

were partially lost, creating S deficiency that resulted in Sn self-doping. Here, Sn can act as an 

electron donor, with two free electrons donated by each Sn atom, such that the annealed SnS film 

becomes n-type. This was further confirmed by EDS (Figure 3.7), which indicated a 12.6% loss 

of sulfur. The mechanism of p-n transition is illustrated Figure 3.5a. For the annealed film, 6 

increased from 360 to 972 S m-1 with increasing temperature from 140 to 300 K, showing typical 

semiconductor behavior. At the same time, S decreased almost linearly from -40.8 to -77 µ V K-1
, 

which gives an increased PF of5.8 µW m-1 K-2 at RT. This value is expected to continue increasing 

with increasing temperature. 

The SnSe thin film exhibited similar behavior with better TE performance. The relatively weak 

and noisy XRD pattern obtainable from the annealed thin film cannot rule out the possibility of a 

partial phase change after high temperature annealing. However, major peaks for orthorhombic 

SnSe could still be observed in the pattern. The as-fabricated film had a positive S value of 81 µ V 

1K-1
, and a low 6 of 420 S m- . After the annealing, the thin film showed improved 6 around 6746 

1S m- . Meanwhile, the Svalue became negative (-90.9 µV K-1
) as a result of loss of Se. EDS also 

confirmed 16.4% loss of Se, which is the main reason for the transition as discussed above (Figure 

3.7). Both Sand 6 increase with temperature from 140 to 300 K. Specifically, S changes from -

151.7 to -90.9 µV K-1
, and 6 increases from 2306 to 6746 S m- . As a result, PF increases from 6.2 

1 K-2to 55.5 µW m- over this temperature range. 
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Finally, temperature-dependent TE performance of the Sn Te thin film from 140 K to 300 K was 

also studied. As described in Figure 3.6c, the S value increased with temperature from 107.7 to 

153.7 µV K- 1
, while 6 increased from 6.2 x l03 to 8.4xl03 S m-1

. Increases of both Sand 6 led to 

great enhancement ofPF from 71.6 to 198.3 µW m-1 K-2
. Note that these films were not subjected 

to high-temperature annealing at 500 °C because their electrical conductivity was already high 

after annealing at 300 °C. The positive value of S indicates Sn Te NCs are p-type semiconductors. 

Moreover, the enhanced TE performance with increased temperature indicates possible 

improvement at higher temperature. Therefore, further study of the TE perfomance up to 500 K 

was performed, only for the Sn Te films. Figure 3.6d, f presents the temperature dependent S, 6 , 

and K from 300 to 500 K. The thermal conductivity measurement was based on a Raman approach 

as described above. Specifically, S increases by about 61 % (from 177.9 to 286.5 µV K-1
) , 6 

increases by about 25.3% (from 5.7 x10 to 7.2 x l03 3 S m-1
) , and K decreases by about 36% (from 

4.4 ±1.8 to 2.8 ±1.0 W m-1 K-1
) upon heating from 300 to 500 K. The increase ofSand 6 , combined 

with the reduction of K , enhance the PF and thermoelectric ZT. As a result, PF increases from 

181.9 to 591.1 µW m-1 K-2
, and a ZT value of0.183 for SnTe thin film is achieved at 500 K, which 

is significantly higher than previously reported values for un-doped Sn Te in the same temperature 

31 33 35 36range, as presented in Figure 3.8. [26
• • • • •

65l We note that ZT increased by a factor of7.5 times 

from 300 to 500 K. The enhancement of ZT is presumably due to nanosizing, lattice defects, and 

the anisotropic geometry of the nanorods. Although we are unable to measure TE properties at 

higher temperature, we can reasonably consider these SnTe nanorods as promising TE materials 

for medium/high temperature applications. Further tailoring of SnTe nanorods, such as doping, 

alloying or band gap tuning, can also be carried out to optimize the ZT. 
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3.5 Conclusion 

In summary, we report a facile, controlled colloidal synthesis of single crystalline tin chalcogenide 

NCs, including 2D triangular SnS nanoplates with a recently-reported large cubic (rc-SnS phase) 

structure, 2D SnSe nanostars, rectangular and hexagonal nanoplates, and ID SnTe nanorods. The 

role of solvents and ligands in controlling the morphology was systematically investigated during 

the formation process. These NCs can be well dispersed and easily processed to fabricate flexible 

thin films. A p-n transition upon annealing was observed for SnS and SnSe films. The nanosizing, 

lattice defects, and anisotropic morphology of Sn Te nanorods lead to a high ZT of 0.183 at 500 K 

in films that could be deposited on a flexible glass substrate. This work suggests Sn-based 

nanomaterials as a potential alternative for thermoelectrics. 
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4. CHAPTER FOUR: COLLOIDAL BINARY AND TERNARY METAL (Cu, Sn) 

TELLURIDE NANOCRYSTALS: PHASE, SHAPE, AND THERMOELECTRICS 

4.1 Abstract 

In this chapter, we report a colloidal hot-injection approach for producing nanocrystals of binary 

copper and tin tellurides, and ternary copper tin telluride phases, and an investigation of the 

thermoelectric properties of their corresponding thin films . This is, to the best of our knowledge, 

the first study of thermoelectric properties of thin films of Cu2Sn Te3 nanocrystals. The phase and 

morphology behaviors of these metal tellurides were studied under controlled reaction conditions. 

Pure Cu2SnTe3 nanocubes were produced with a Cu:Sn precursor ratio of3 :7. Mixtures ofphases, 

rather than non-stoichiometric or doped phases, were obtained by tuning the cation precursors 

ratios. A phase change of copper telluride nanocrystals was observed when the temperature was 

increased to 280 °C. The shape of these metal telluride nanocrystals can be tuned by controlling 

the temperature and cation precursor ratio. The Seebeck coefficients of these materials increases 

with temperature. CuTe and Cu2SnTe3 exhibit typical metallic behavior, while SnTe exhibits 

semiconductor behavior. 

4.2 Introduction 

In recent years, metal telluride nanocrystals (NCs) based on earth-abundant metals like copper and 

tin have drawn a great attention based on their potential for use applications such as photothermal 

therapy, lithium ion batteries, and thermoelectric (TE) devices. [l-SJ Copper tellurides are known 

for their localized surface plasmon resonance, which can be tuned by controlling the size and shape 

of the NCs and the concentration of copper vacancies. [6l Tin telluride based materials are known 

as narrow-gap semiconductors. Both copper and tin telluride have been highlighted as promising 
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TE materials. [7-llJ However, researchers have neither focused on ternary copper tin telluride NCs 

nor investigated their thermoelectric properties. Chemical bath and Bridgman-Stockbarger 

technique have been used for the preparation of Cu2SnTe3_[12-14J 

Colloidal synthesis is known for its advantage in the separation of nucleation and growth stages 

and the control of the size and shape of NCs. [l s , 
16l Hot injection and ion exchange were found to 

be effective and facile to produce copper tellurides and tin tellurides NCs with controlled shape 

and size. [6, 17-19l To the best of our knowledge, there is only one report of colloidal synthesis of 

Cu2SnTe3 NCs, which produced a nanoplate-like morphology. [20JWang and coworkers used TeO2, 

overcoming the low reactivity of Te precursor, to synthesize nearly monodisperse Cu2SnTe3 NCs. 

In this article, we employ trioctylphosphine (TOP) and Te powder to produce a Te precursors and 

synthesize binary CuTe and SnTe and ternary Cu2SnTe3 NCs. We investigate the evolution and 

control of their phase and shape, and their thermoelectric properties. 

4.3 Experimental Section 

Chemicals. Copper(!) chloride (CuCl, 99.995%), tin chloride (SnCh, reagent grade 98%), 

oleylamine (OAm, technical grade 70%), trioctylphosphine (TOP, technical grade 90%), and 

tellurium powder (Te, 99 .99% ), were purchased from Sigma-Aldrich and were used as received. 

Preparation of TOP-Te. As in our previous work, 2 mmol of Te powder was mixed with 2 mL 

of TOP and heated to 350 °C with stirring under nitrogen until a clear solution formed. [l
9J 

Synthesis of Binary and Ternary Metal Tellurides. In a typical synthesis, a total of 1 mmol of 

CuCl and SnCh powder at a specified molar ratio (1:0, 3:1 , 1:1 , 2:3, 3:7, 1:3 or 0:1) was mixed 

with 10 mL ofOAm, and the solution was degassed at 110 °C for 1 hour under nitrogen protection. 
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Then the solution was heated to 280 °C, followed by injection of 1 mL of TOP-Te. After the 

injection, the solution was kept at this temperature for 15 minutes. 

Synthesis of CuTe at Different Temperatures. In a typical synthesis, 1 mmol of CuCl powder 

was mixed with 10 mL ofOAm, and the solution was degassed at 110 °C for 1 hour under nitrogen 

protection. Then the solution was heated to the reaction temperature (140, 200, 260, or 280 °C), 

followed by injection of 1 mL of TOP-Te. After the injection, the solution was kept at this 

temperature for 15 minutes. 

Synthesis of CuTe Nanorods with Different Aspect Ratios. In a typical synthesis, a total of 1 

mmol of CuCl and SnCh powder at a specified molar ratio (4:1, 3:1 , 2:1, 3:2, or 1:1) was mixed 

with 10 mL ofOAm, and the solution was degassed at 110 °C for 1 hour under nitrogen protection. 

Then the solution was heated to 140 °C, followed by injection of 1 mL of TOP-Te. After the 

injection, the solution was kept at this temperature for 15 minutes. 

Separation and Purification of Prepared NCs. In all cases, ethanol was added to the NC product 

dispersions to destabilize them. The loosely aggregated NCs were then collected by centrifugation 

at 4000 rpm for 2 minutes. The prepared NCs could be redispersed in solvents such as chloroform 

and toluene. The washing process was repeated twice to remove residual ligands and unreacted 

precursors. 

Fabrication of Metal Telluride Thermoelectric Films. The glass substrate was washed with 

methanol, acetone and deionized water. The colloidal metal telluride NCs were spin coated, at 

1000 r.p.m. for 30 seconds, onto the glass substrate. To improve the conductivity of the thin film, 

it was then annealed on a hot plate at 300 °C for one hour in an inert atmosphere. 

Transmission Electron Microscopy (TEM). We characterized the size and morphology ofNCs 

using a JEOL JEM-2010 microscopy at a working voltage of 200 kV. Samples were prepared by 
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dropping a few microliters of a dilute NC dispersion onto a carbon-coated copper TEM grid. 

Selected area electron diffraction (SAED) patterns were also obtained using the JEOL JEM-2010 

TEM. 

Energy Dispersive X-ray Spectroscopy (EDS). Compositional analysis of NCs was obtained 

using an Oxford EDS system within a Carl Zeiss AURIGA CrossBeam Focused Ion 

Beam/Scanning Electron Microscopy system. Samples were prepared by dropping a small amount 

of a concentrated NC dispersion onto conductive carbon tape. 

Powder X-ray Diffraction (XRD). The crystal phases present in product NCs were determined 

using powder XRD (Bruker Ultima IV with Cu Ka X-ray source). Samples were prepared by drop

casting a concentrated NC dispersion onto a glass substrate. 

Thermoelectric Properties. The thermoelectric properties were measured using a custom built 

apparatus, similar to that reported by Kim et al. [21JA typical 4-probe technique was used to measure 

the resistance. The Seebeck coefficient was measured by heating one copper block on one side of 

the thin film and simultaneously measuring ~T and the thermoelectric voltage generated between 

two ends of the thin film. [22
, 

23l The schematic and description of the measurement setup was 

provided in chapter 2. This system was calibrated using a standard constantan sample, including 

subtraction of the contribution from the gold plated voltage probes. 

4.4 Results and Discussion 

The MTe NCs were prepared by a facile hot-injection method using a standard Schlenk line 

apparatus and methods. Generally, organometallic precursors with different Cu:Sn ratios were 

prepared under inert atmosphere, followed by the injection of TOP-Te. The NC product was then 

washed, collected, and dispersed in an organic solvent. The temperature and the cation precursor 
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ratio were tuned to investigate their role in the formation of the NCs. Details of the synthesis were 

presented in the experimental section. 

Synthesis of pure binary Cu1.43Te and Sn Te, and ternary Cu2SnTe3 NCs 

Pure binary and ternary MTe NCs were prepared at 280 °C, using different cation precursor ratios. 

The morphology, composition, and crystal structure of CTe, CTTe and TTe NCs were 

characterized by transmission electron microscopy (TEM), energy-dispersive X-ray spectroscopy 

(EDS), and X-ray diffraction (XRD). The CTe NCs took a hexagonal shape with an average size 

of ;:::; 80 nm, as revealed by TEM imaging (Figure 4.la). Note the standing NCs that are viewed 

edge-on in the TEM image, indicating that these nanostructures are 2D plates. The XRD pattern 

(Figure 4.2b, orange) of copper telluride NCs matches the standard pattern for orthorhombic 

Cu1.43Te (JCPDS No. 04-007-1971). Binary TTe NCs were prepared by a similar manner, with a 

nanorod morphology (Figure 4.lc). The TTe nanorods (NR) have an average width of ;:::; 30 nm 

and length of ;:::; 100 - 300 nm. In Figure 4.2b, the red line represents the XRD pattern of the TTe 

NCs, which matches the cubic SnTe phase (JCPDS No. 00-008-0487). Figure 4. lb shows the 

typical morphology of ternary CTTe NCs. Nanocubes with an average size of ;:::; 30 nm were 

observed. The peaks of the XRD pattern (Figure 4.2b, blue) can be assigned to an orthorhombic 

Cu2SnTe3 structure (JCPDS No. 04-016-2006). These Cu2SnTe3 NCs were prepared using a Cu:Sn 

precursor ratio of 3:7. Due to the low reactivity of Sn precursor, this high Sn precursor input was 

essential for the production of Cu2SnTe3 NCs. 
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(c) 

Figure 4.9. TEM images of (a) Cu1.43Te hexagonal nanoplates, (b) Cu2SnTe3 nanocubes, and (c) 

SnTeNRs. 
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Figure 4.10. (a) EDS results showing the evolution of NC elemental composition (copper cation 

fraction) vs. elemental ratio of cation precursors used in the synthesis, and (b) XRD patterns 

showing the phase evolution ofbinary and ternary metal (Cu, Sn) tellurides prepared with different 

cation precursor ratios as labelled. 
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The low reactivity of Sn precursor was also confirmed by tuning the cation precursor ratio . The 

phase of the CTe NCs remained the same upon addition ofa small amount of Sn precursor (Figure 

4.2b, purple), meaning they were doped Cu1.43Te without structural change. We found that Sn 

incorporation in the NCs remained low until the Sn precursor content reached a relatively high 

level. The weak Sn signals in the EDS results (Figure 4.2a) also confirmed the low doping level. 

The Cu2SnTe3 phase, rather than heavily doped CTe, was produced when the Sn precursor content 

was increased to 50% (1: 1 Cu:Sn ratio), leading to a mixture of Cu1.43 Te and Cu2SnTe3 (Figure 

4.2b, green and magenta) NCs. Note that stronger Cu2SnTe3 peaks were observed with increasing 

Sn (Figure 4.2b, magenta), indicating increased production of Cu2SnTe3 NCs. A similar mixture 

of SnTe and Cu2SnTe3 phases (Figure 4.2b, light yellow), was found for high Sn content in the 

precursors, at a Cu:Sn ratio of 1:3 . The observation of these mixed phases shows the 

incompatibility ofCu2SnTe3 with Cu1.43Te and SnTe. As is evident from their XRD patterns, these 

three phases have quite different crystal structures, and thus a smooth transition between them is 

not possible. With the approach used here, the isolated Cu2SnTe3 phase could be produced only 

with a precursor ratio of 3:7 (Cu:Sn). 

Shape and phase control of copper telluride NCs 

In order to further understand the roles ofSn content and temperature during the formation process, 

the morphologies and crystal structure of the NCs synthesized under different conditions were 

investigated. The shape and phase evolution of the CTe NCs were first studied by tuning the 

temperature from 140 to 280 °C. CTe NRs with a length of ;:::; 400 - 600 nm were obtained at 140 

°C, as presented in Figure 4.3a. The shape of CTe NCs evolved with increasing temperature. As 

shown in Figure 4.3b, the CTe NCs exhibit shape evolution from NRs to rectangular nanosheets 

80 



upon elevating the temperature to 200 °C. As the temperature was increased to 260 °C, CTe 

nanocubes were produced. TEM (Figure 4.3c) imaging revealed nanocubes with an average size 

of ;:::; 30 - 40 nm. This difference ofshape was due different growth rates on different crystal facets . 

At low temperature, the NCs tend to grow in one direction and take the form of rods. At high 

temperature, the uniform growth rate in three directions results in the cubic morphology. Figure 

4.3d shows the hexagonal platelets with an average size of ;:::; 80 nm, produced when the 

temperature was raised to 280 °C. Here, the transition to a hexagonal shape is mainly due to the 

phase change as discussed further below. 
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(d ) 

Figure 4.11. TEM images of Cu Te synthesized at different temperatures: (a) Cu Te rods produced 

at 140 °C, (b) plates produced at 200 °C, and ( c) cubes produced at 260 °C, and (d) hexagonal 

Cu1.43 Te produced at 280 °C. 

The XRD patterns of CTe NCs (Figure 4.4) synthesized at different temperature showed two 

different crystal structures. A different CTe phase was observed when the temperature was 

increased to 280 °C, compared to lower temperatures. The XRD pattern for NCs prepared at 280 

°C is consistent with previous mentioned Cu1.43 Te. Although the other three XRD patterns have 

the same crystal structure, it is challenging to identify them, simply because of the complexity of 

CTe phases. Copper can exhibit multiple oxidation states, due to the partially filled d-shell. This 
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leads to various compositions and structures, including orthorhombic Cu Te, hexagonal Cu2Te, and 

nonstoichiometric Cu2-x Te, as well as other structures. Researchers previously identified this 

structure as the tetragonal rickardite structure (JCPDS 01-089-2127),[31or a mixture of hexagonal 

Cu2Te (JCPDS 53-0524) and orthorhombic CuTe (JCPDS 13-0258)_[21 However, we do not 

consider this pattern to be a solid match to any of these phases. This crystal structure is thus 

described here as unidentified copper telluride (uCTe). The temperature dependent shape and 

phase behavior indicates that the temperature not only controls the growth direction and produces 

CTe with different shapes, but also determines the phase of the NCs. 
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Figure 4.12. XRD patterns of CTe synthesized at different temperature. A different phase is 

produced at lower temperatures, rather than the Cu1.43 Te produced at 280°C. 

We also investigated the role of Sn precursor content in the synthesis ofCTe at 140 °C. The crystal 

structure was not changed, due to the low temperature, along with the low reactivity of Sn 

precursor as discussed before. However, we found that the NR aspect ratio was affected by the Sn 

ratio. Figure 4.5 shows TEM images of CTe NRs synthesized with various Cu:Sn ratios. For the 
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ratio of 4: 1, these NRs have a length of 40 nm and diameter of 10 nm, resulting in aspect ratio of 

4. With increasing Sn content (3:1 , 2:1, and 1:1), we generated NRs with diameters of 16, 12, and 

9 nm, respectively. A considerable decrease oflength was also observed to 31 , 20, and 13 nm. The 

tuned diameter and length leads to a final aspect ratio of 1.5, which is significantly decreased 

compared with that from Sn content of 4: 1. 

Reduced aspect ratio 
Cu:Sn 4:1 Cu:Sn 1:1 

Figure 4.13. TEM images of CTe NRs synthesized at 140 °C with different Sn precursor content. 

Thermoelectric properties of metal chalcogenides 

Figure 4.6 shows the temperature dependence of the Seebeck coefficients (S) and the electrical 

resistivity (R) ofmetal telluride thin films prepared from the NCs as described in the experimental 

section. In Figure 4.6a, we compared four pure MTe: uCTe, Cu1.43Te, Cu2SnTe3, and SnTe. At 

room temperature, Sn Te exhibits the highest S of 51 µ V K-1
. Moreover, Cu1.43 Te exhibits a higher 

Seebeck coefficient than uCTe. As shown in Figure 4.6b, Cu2SnTe3 and uCTe exhibit high 

electrical conductivity, with a low R of 0.95 and 1.6 n, respectively. However, Sn Te exhibits a 
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much higher resistance (low electrical conductivity). With increasing temperature, the electrical 

conductivity ofuCTe, Cu1.43 Te, and Cu2SnTe3 decreases, showing typical metallic behavior; while 

that of SnTe increases, showing semiconductor behavior. The positive value of S for SnTe 

indicates it is a p-type semiconductor. S of Cu2SnTe3 slightly decreases with temperature, but that 

of other materials increases with temperature. 
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Figure 4.14. Temperature dependent (a) Seebeck coefficients and (b) resistance of metal 

telluride thin films. 

According to the presented results, Sn Te is promising for high temperature application because of 

the increased Sand reduced R with temperature. Because Cu2SnTe3 showed very high electrical 

conductivity, one could consider mixing Cu2SnTe3 with SnTe to improve the electrical 

conductivity. The thermoelectric properties of the two-phase Cu2SnTe3/SnTe NCs was also 

measured. The electrical conductivity was improved, but Sloss was also obvious. Optimization of 

the alloying can be expected to achieve improvement of the power factor. 

4.5 Conclusion 

In summary, we report a facile , controlled colloidal hot-injection synthesis ofmetal telluride NCs, 

including binary Cu1.43Te and SnTe, and ternary Cu2SnTe3. Pure Cu2SnTe3 naoncubes were 
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prepared with a Cu:Sn cation precursor ratio of 3:7. The role of injection temperature and Sn 

precursor were also investigated during the formation of copper telluride. We report the first 

thermoelectric study on Cu2SnTe3 nanostructured thin films. This work provides a general 

colloidal route to produce metal telluride NCs, enables tuning of the size, phase, and shape of the 

metal telluride NCs that can open up new possibilities for fabricating efficient metal telluride 

thermoelectric devices. 
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5. CHAPTER FIVE: THROUGH AION EXCHANGE 

5.1 Abstract 

We report the colloidal synthesis of quinary kesterite CuZnSnSSe (CZTSSe) nanoparticles (NPs) 

with a mean size of 11 nm via anion exchange from CuZnSnS (CZTS). The composition of the as

synthesized CZTSSe NPs was tuned without changing the phase, simply by modifying the cation 

and anion precursors. We have also produced colloidal CdS and ZnO NCs by similar methods to 

provide a complete material set for fabrication of active layers of a thin film photovoltaic device. 

We sequentially spin coated and annealed films of these NCs onto an ITO coated glass substrate, 

followed by sputtering of a Mo top electrode to produce a prototypical thin film stack for a 

photovoltaic device structure. 

5.2 Introduction 

Copper-zinc-tin-sulfide-selenide (Cu2ZnSnSxSe4-x, usually called CZTSSe) has drawn attention 

recently as a promising alternative to CulnxGa1-xSe2 (CIGS) and CdTe as a light absorbing material 

for thin-film solar cells. [l-
4J Compared to CIGS and CdTe, the key advantage of CZTSSe is that all 

of its elemental components are earth abundant and relatively non-toxic. At the same time, 

CZTSSe has a crystal structure and band gap similar to those of CIGS. CZTSSe is a direct band 

gap semiconductor, with a band gap of 1.0 - 1.5 eV, an optimal range an absorber in a single

junction photovoltaic device_[5
-
7l Solar cells produced by printing and coating processes using 

nanoparticle inks could potentially be much less expensive than those produced by vacuum 

deposition processes. Photovoltaic devices using CZTSSe directly deposited from hydrazine have 

achieved a power conversion efficiency (PCE) of 12.6%, which is becoming competitive with 

other thin film solar cells. [S-BJ CZTSSe photovoltaics produced from copper zinc tin sulfide 
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(CZTS) nanoparticle inks with post-treatment using Se vapor have reached a PCE of 9.0%_[14-19l 

Direct use of CZTSSe nanoparticle inks could, along with other developments in processing, 

eliminate the separate selenization step and reduce cost and environmental impacts ofproduction. 

Synthesis of CZTSSe NPs were reported recently, simply by developing an S-Se compound, 

followed by hot injection .. [20, 21J The NP products were in the wurzite phase, but underwent a phase 

transformation to kesterite after sintering. These devices had lower PCE compared to devices 

formed from kesterite NPs. [22JCation exchange, incorporating Zn and Sn into CuSSe nanoplatelets, 

was another approach to produce alloy CZTSSe NPs. [23l Here, we have synthesized kesterite 

CZTSSe nanoparticle inks by a hot-injection colloidal synthesis method through anion exchange 

for the first time. This method allows us to tune the ratios of Zn:Sn and S:Se and thereby control 

the CZTSSe composition without changing the crystal structure. We have also prepared n-type 

CdS and ZnO NPs, which comprise the next two layers in a CZTSSe solar cell. With this set of 

nanoparticle inks, we can potentially fabricate thin-film photovoltaics at much lower cost 

compared to conventional high-temperature high-vacuum processing. A demonstration of 

solution-processed multi-layer structure is presented. 

5.3 Experimental Section 

Chemicals. Copper(!) chloride (CuCl, 99.995%), oleylamine (OAm, 70%), oleic acid (OA, 90%), 

trioctylphosphine (TOP, 90%), sulfur powder (S, 99.98%), selenium powder (Se, 99.99%), and 

dodecanol (DDL, 98%) were purchased from Sigma-Aldrich. Octadecene (ODE, 90%), zinc 

chloride (ZnCh, 99.99%), zinc acetylacetonate (Zn(AcAc)2, 99.995%), cadmium chloride (CdS, 

98%), and tin chloride (SnCh, reagent grade 98%), were purchased from Fisher Scientific. Zinc 

stearate (ZnSti, purified) was purchased from City Chemical. All chemicals were used as received. 
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Preparation of OAm-S precursor. These precursors were prepared in a manner similar to our 

previous reports. [24
, 

25l Briefly, to prepare OAm-S, 2 mmol of S powder was added into 2 mL of 

OAm, heated to 130 °C , and held for 3-5 minutes to form a clear blood-red OAm-S solution. 

Preparation of OAm-Se. These precursors were prepared as described previously. [26
, 

27l Briefly, 

to prepare OAm-Se, 2 mmol of Se powder was added into 20 mL OAm, degassed at 110 °C for 30 

minutes under nitrogen protection, then rapidly heated to 330 °C and held for 30 minutes to form 

a clear dark brown OAm-Se solution. 

Preparation of TOP/OAm-Se precursor. As previously reported,[27l to prepare these precursors 

we first dissolved 2 mmol of Se powder in 1 mL of TOP by sonication and stirring at room 

temperature under nitrogen until a clear solution formed. Then, to prepare TOP/OAm-Se, 1 mL 

OAm was added into the TOP-Se solution and the mixture was stirred for 10 minutes. 

Synthesis of CZTS NPs. In a typical synthesis, 1 mmol ofCuCl, 0.5 mmol ZnCh, and 0.5 mmol 

SnCh powder were mixed with 10 ml OAm. The mixture was degassed at 110 °C for 30 min under 

nitrogen protection, then heated to 200 °C. It turned transparent and golden, indicating formation 

of organo-metal precursor complexes. The temperature was increased to 225 °C followed by 

injection of2 mL of OAm-S precursor. After injection, the temperature was held for 30 minutes. 

Synthesis of CZTSSe NPs through anion exchange. 20 ml of OAm-Se precursor was injected 

in the CZTS NPs product at 225 °C. The temperature was held at 225 °C for 30 min. 

Synthesis of CdS NPs. 1 mmole CdCh was mixed with 10 mL OAm, degassed at 110 °C for 30 

min under nitrogen protection, then heated to 175 °C. After injection of 1 mL ofOAm-S precursor, 

the temperature was held at 175 °C for 2 hours. 

Synthesis of ZnO NPs. In a typical synthesis, 1 mmole ZnSti was mixed with 1 mL DDL, 1 mL 

OA, 3 mL OAm, and 17 mL ODE, degassed at 110 °C for 30 min under nitrogen protection, heated 
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to 200 °C and held for 30 min. The temperature was then increased to 270 °C and held for another 

30 min. 

Separation and Purification of Prepared NCs. In all cases, ethanol was added to the NC product 

dispersions to destabilize it. The loosely aggregated NCs were then collected by centrifugation at 

3500 ~ 7000 rpm, depending on the material, for 2 minutes. The prepared NCs could be redispersed 

in solvents such as chloroform and toluene. The washing process was repeated twice to remove 

residual ligands and unreacted precursors. 

Fabrication of multi-layer thin films. The glass substrate was washed with methanol, acetone 

and deionized water. The colloidal CZTSSe, CdS, and ZnO NCs were spin coated, at 1000 r.p.m. 

for 30 seconds, onto the ITO-coated glass substrate. After each layer was deposited, the films were 

annealed on a hot plate at 300 °C for one hour in an inert atmosphere to eliminate the ligands of 

the NCs. Finally, a Mo layer was deposited on top by sputtering in a Lesker PVD75 system. 

Transmission electron microscopy (TEM). We characterized the size and morphology of NCs 

using a JEOL JEM-2010 microscope at a working voltage of 200 kV. Samples were prepared by 

dropping a few microliters of a dilute NC dispersion onto a carbon-coated copper TEM grid. 

High angle annular dark field scanning TEM (HAADF-STEM). HR-STEM images, and 

STEM energy dispersive X-ray spectroscopy (STEM-EDS) maps were collected using a FEI 

Tecnai F20 200 kV STEM with a Fischione HAADF STEM detector using samples prepared on 

Ni TEM grids. 

Scanning Electron Microscopy (SEM) and Energy Dispersive X-ray Spectroscopy (EDS). 

The size and morphology ofNCs were also characterized using a Carl Zeiss AURIGA CrossBeam 

Focused Ion Beam/Scanning Electron Microscope system. Compositional analysis of NCs was 
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obtained using an Oxford EDS system within this SEM. Samples were prepared by dropping a 

small amount of a concentrated NC dispersion onto conductive carbon tape. 

Powder X-ray Diffraction (XRD). The crystal phases present in product NCs were determined 

using powder XRD (Bruker Ultima IV with Cu Ka X-ray source). Samples were prepared by drop

casting a concentrated NC dispersion onto a glass substrate. 

UV-Vis-NIR Spectroscopy. Optical absorbance spectra ofproduct NC dispersions were measured 

using a Shimadzu 3600 UV-visible-NIR scanning spectrophotometer. Spectra were collected from 

dispersions in chloroform. 

Thermogravimetric analysis. A NETSCH TGA 209 Fl thermal analyzer was used to acquire 

the TGA data. Samples were heated at a programmed rate under slow nitrogen flow. 

5.4 Results and Discussion 

In the synthesis of CZTS NPs, the S precursor was injected into the metal precursor mixture, 

yielding NPs with an average size of 11 nm, shown Figure 5. la. These CZTS NPs served as a 

template for the anion exchange reaction. The XRD pattern of these NCs could be indexed to pure 

kesterite phase, as shown in Figure 5.2. The elemental analysis of the NPs was obtained by EDS 

as summarized in Table 5 .1 , revealing a composition of Cu2.osZno.4sSnu2S4. 

By injecting OAm-Se precursor into the CZTS product, the S atoms in the NCs were partially 

replaced by Se atoms. The XRD pattern (Figure 5.2) suggested no phase change after the anion 

exchange. However, the larger size of Se atoms leads to the increase in the lattice constant, 

producing the observed shift of the peaks to smaller angles .. Monodisperse CZTSSe NPs exhibited 

an average size of 11nm (Figure 5.lb), which is similar to CZTS NPs template. However, the low 
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reactivity of OAm-Se precursor led to only a small amount of anion exchange, revealed by EDS 

Figure 5.15. TEM images of (a) CZTS, (b) CZTSSe usmg OAm-Se, (c) CZTSSe usmg 
TOP/OAm-Se, and ( d) CZTSSe using Zn(AcAc )2. 

We next developed a Se precursor of higher reactivity to replace more Sand incorporate more Se 

in CZTSSe NPs. By using TOP/OAm-Se and keeping other conditions unchanged, the Se content 

in the product NPs increased to a final composition of Cu2.s3Zno.49Sn1.14S2.s3Se1.47_ TEM imaging 

(Figure 5 .1 c) again confirmed the unchanged size and shape. Also, the crystal structure of the NPs 

remained the same (Figure 5.2). The low Zn content of the NCs, shown in the EDS analysis, was 

likewise attributed to low reactivity of the Zn precursor. By replacing ZnCh with Zn( Ac Ac )2 in 

the CZTS synthesis, the Zn content was increased to 12%, as presented in Table 5.1. The 

composition of the CZTSSe NPs was determined to be Cu2.2sZnSn1.17S3Se. The size, shape, and 

phase of the NPs remained unchanged after these modifications. 
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Figure 5.16. XRD patterns of CZTS, CZTSSe prepared using OAm-Se, CZTSSe prepared using 
TOP/OAm-Se, and CZTSSe prepared using Zn(AcAc)2 and TOP/OAm-Se. 

Table 5.1. Summary of EDS analysis ofCZTS and CZTSSe NPs, in atom% 

Cu Zn Sn S Se 

CZTS 26 6 19 50 0 

TOP/OAm-Se 31 6 14 31 18 

Zn{AcAc)i 27 12 14 36 12 

Figure 5.3 shows an SEM image and the corresponding EDS-mapping of the CZTSSe NPs. Five 

elements : Cu, Zn, Sn, S, and Se were uniformly distributed in these NPs. Figure 5.4 shows 

representative HAADF-STEM-EDS line-scan profiles for a single particle and multiple particles. 

All five elements were present across the particles. Closer inspection ofthe EDS line scan in Figure 

5 .4b shows that the signals of the two anion elements at the outer part of the particle reflect the 

anion exchange method. The S signal diminishes while the Se signal is highest near the surface, 

reflecting diffusion ofSe atoms into the particle from the surface of the particle, replacing S atoms. 
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Figure 5.17. SEM image and EDS mapping ofCZTSSe NPs. 

200 

- Se-K - Se-K 
- zn.L - zn.L 

150 - Zll-K - Zll-K 

- Cu-L - Cu-L 
- Cu-K - Cu-K~ ~ 

::, - S-K ::, - S-K
0 100 0 
0 0 

50 

0.0 0.010 0.020 0.030 0.040 0.050 0.05 0.10 0.15 0.20 0.25 
Position (um) Position (um) 

Figure 5.18. (a) HRTEM and (b, c) HAADF-STEM images of CZTSSe NPs and corresponding 
line-scan EDS results. 
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Figure 5.19. TGA ofCZTSSe NPs. 

To enable solution-processed deposition, we should know the temperature dependent behavior of 

the capping ligands of the CZTSSe NPs. Figure 5.5 presents the TGA analysis of the as

synthesized CZTSSe NPs. The red line represents the temperature increase as programmed. There 

were three major region of mass loss: 167 - 282°C, 358 - 413 QC, and above 413 QC . The first 

part is mainly small molecules and the excess oleylamine that was not directly adsorbed to the NC 

surface. When the temperature surpassed 358 QC, the boiling point of oleylamine, the capping 

ligands started leaving the particles. The final region of mass loss at high temperature reflects the 

slow degradation of CZTSSe. Because our goal is to greatly improve the electrical conductivity of 

the deposited layer, and prevent its removal during spin-coating of the next layer, we consider 350 

QC as the optimal temperature for the annealing process. 

We also synthesized CdS and ZnO by colloidal methods, as described in the experimental section. 

TEM images (Figure 5 .6a, b) show the morphology and size of the NPs. XRD patterns confirm 

them as pure Hawleyite and Zincite structures, respectively. 
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Figure 5.20. TEM images of(a) CdS and (b) ZnO NPs, and (c) their XRD patterns. 
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Figure 5.21. (a) SEM image of cross-section of a multi-layer structure, and (b) characterization of 
the optical band gap of the materials. 
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To investigate the possibility of applying these materials in solution-processed multi-layer 

structures, ZnO NPs were spin coated onto an ITO-coated glass substrate, then annealed at 350 °C 

for one hour to eliminate the capping ligands of the NPs, followed by the deposition and annealing 

of CdS and then CZTSSe. The device was finalized by sputtering a layer of Mo on top. The device 

was characterized by FIB-SEM. Figure 5.7 shows a cross-section of the device, consisting ofITO

ZnO - CdS - CZTSSe - Mo. However, we did not observe any significant photovoltaic effect, 

which may be due to defects in the films or to the higher-than-expected band gap of the CZTSSe 

(2.1 e V, Figure 5.7b) combined with a long absorbance tail that may be due to defect states. Further 

work can be performed to optimize the structure and improve the performance of the device. 

5.5 Conclusion 

In summary, we demonstrated the feasibility of producing earth-abundant non-toxic CZTSSe

based multi-layer structure. This structure was fabricated by sputtering the two electrode layers 

and spin-coating the other three functional layers. The CZTSSe NPs can be synthesized by anion 

exchange, with controllable composition. The other two materials were also produced by a 

solution-phase approach. This work provides a cost-effective solution-processed method to 

fabricate a multi-layer structure for possible photovoltaic application. 
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6. CHAPTER SIX: SUMMARY AND FUTURE WORK 

6.1 Summary 

In this dissertation, we have reported advances in colloidal synthesis of palladium nanoparticles 

for Pd-PBI mixed matrix membranes for H2/C02 separation, and of metal chalcogenide 

semiconductor nanocrystals for various applications, including thermoelectric and photovoltaic 

devices. 

In chapter 1, we demonstrated a novel mixed matrix membrane with high performance for H2/C02 

separation. Pd NPs with various shapes were produced by colloidal synthesis ( oil-phase and 

aqueous phase). Monodisperse Pd NPs, with an average size of 4.5 nm, caped with oleylamine 

were found to be compatible to PBI/DMAc solution. Void-free homogeneous MMMs with 

different Pd loadings were fabricated using this stable polymer-Pd mixture. These MMMs showed 

high H2 permeability and H2/C02 selectivity, and promising stability in the presence of H2S and 

H20 . With increasing temperature, the H2 permeability increases, while the H2/C02 selectivity 

decreases. The H2 permeability and H2/C02 selectivity were enhanced significantly with increased 

Pd loading. 

In chapter 2 and 3, we presented a systematic colloidal synthesis approach to prepare tin(II, IV) 

chalcogenide nanocrystals with controllable valence and morphology, and demonstrated the 

preparation of the corresponding solution-processed nanostructured thermoelectric thin films . 

Different combinations of solvents and anion precursors were used in the synthesis to investigate 

their roles in controlling the shape and valence of the products. OAm and TOP, either used as the 

solvent or the ligand of the anion precursor, were found to be able to reduce the Sn(IV) precursor 
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to produce pure Sn(II) chalcogenides NCs. OA, as well as the newly developed TOP-based anion 

precursor, were used to maintain the valence and produce pure Sn(IV) chalcogenides. The shape 

of the as-synthesized NCs could be tuned by changing the solvent or the ligand of the anion 

precursor. Their corresponding thin films were fabricated by spin coating, and tested for their 

thermoelectric properties. A p-type to n-type transition for SnS and SnSe films was found after 

they were annealed at 500 °C. Sn Te showed promising for the thermoelectric application, with a 

high thermoelectric figure of merit (ZT = 0.183) achieved at SOOK. 

In chapter 4, we presented the synthesis of metal telluride NCs with different shapes and phases, 

and reported their thermoelectric properties. In this study, the thermoelectric properties of 

Cu2SnTe3 were reported for the first time. A facile colloidal hot-injection synthesis ofpure binary 

copper telluride and tin telluride, and ternary copper tin telluride NCs was developed. The shape 

and phase of copper telluride NCs were controlled by the injection temperature. The increasing Sn 

content of the Sn-doped copper telluride decreased the aspect ratio of the copper telluride 

nanorods. 

In chapter 5, we presented an all-solution processed multilayer structure for photovoltaics based 

on non-toxic earth-abundant elements in the absorber layer. This CZTSSe based device included 

a CZTSSe absorber layer, CdS buffer layer, and ZnO layer. These NPs were produced by solution

phase hot-injection or one-pot heating methods. In particular, CZTSSe NPs were prepared by anion 

exchange: selenium precursor was injected into as-synthesized CZTS NPs. The Zn precursor and 

Se precursor employed for this study were developed to increase the reactivity, which enabled us 

to tune the composition of CZTSSe product NPs. Colloidal CZTSSe, CdS, and ZnO dispersions 
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were spin coated onto the ITO-coated glass substrate, followed by sputtering a Mo conductive 

layer. The cross-section of the fine layered structure was characterized by FIB-SEM. However, no 

substantial photovoltaic effect was observed, and further improvement could be done to measure 

the performance of the device. This work provided an anion exchange method to produce CZTSSe 

and demonstrated the feasibility of the solution-processed approach to fabricate photovoltaic 

device structures. 

6.1 Recommendations for Future Work 

At present, we have used Pd NPs with an average size of 4.5 nm to fabricate uniform defect-free 

PBI-Pd MMMs, which showed high H2 permeability and H2/C02 selectivity, and stability to H2S 

and H20. The significantly improvement of the permeability and selectivity came from the Pd 

channels, which were created by the high loading of the Pd NPs. Because Pd exhibits much higher 

H2 permeability than PBI, it is reasonable to assume that the H2/C02 separation performance would 

be further improved if more Pd channels could be created within the Pd-PBI MMMs. This leads 

to the idea of applying Pd NPs with different sizes or shapes in the MMMs. For example, if the Pd 

NPs were replaced by nanowires, direct Pd pathways for the H2 atoms would greatly increase H2 

permeability at lower Pd volume fractions, and in the end lead to even higher selectivity. However, 

certain challenges, including scaleup ofnanowire synthesis and compatibilization of the nanowires 

with the PBI solution must to be be overcome in order to replace Pd NPs with Pd nanowires. 

SnTe NCs have been shown to be a promising material for thermoelectrics in chapter 3 and by 

other researchers. The internal structures of the thin films were consisted with the Sn Te nanorod 

building blocks. This nanosizing feature of the film, combined with the lattice defects of the as-
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synthesized Sn Te and the anisotropic geometry of the nanorods, lead to the high thermoelectric 

performance of the thin film. Starting from Sn Te nanorods, we can further modify the material and 

improve ZT. By doping and alloying, we can control the lattice defects of the material, and the 

carrier density. The thin film can also be post treated by processes such as hot pressing to obtain a 

denser structure, while minimizing grain growth. 

Follow-on studies are also needed to improve the performance of solution-processed CZTSSe 

photovoltaic devices. Our solution-processed approach can effectively reduce the manufacturing 

cost. Moreover, the as-synthesized CZTSSe NPs are based on earth-abundant elements, which 

supports the potential of these materials for large-scale manufacturing. The problem we are facing 

is the lack ofphotovoltaic effect of the as-fabricated multi-layer device. Two major improvements 

may be performed to address this issue: a) modify the CZTSSe NPs. The as-synthesized CZTSSe 

NPs have a band gap of2.2 eV, which could be tuned to - 1.5 eV by tuning the size of the NPs. b) 

rather than directly attempting to produce a fully solution-processed device, mature methods could 

be used to deposit CdS and ZnO layers. Chemical bath deposition can be used for the CdS layer, 

and ZnO can be sputtered onto the CdS layer. This would eliminate possible failure routes 

associated with the colloidal CdS and ZnO NPs. 
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